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PREFACE
Reports in this volume are numbered consecutively beginning with number 1. Each report is
paginated with the report number followed by consecutive page numbers, e.g., 1-1. 1-2, 1-3; 2-1, 2-2,

2-3.

This document is one of a set of 16 volumes describing the 1994 AFOSR Summer Research
Program. The following volumes comprise the set:

VOLUME TITLE

1 Program Management Report

Summer Faculty Research Program (SFRP) Reports

2A & 2B Armstrong Laboratory

3A& 3B Phillips Laboratory

4 Rome Laboratory

5A & 5B Wright Laboratory

6 Arnold Engineering Development Center. Frank J. Seiler Research

Laboratory, and Wilford Hall Medical Center
Graduate Student Research Program (GSRP) Reports

7 Armstrong Laboratory

8 Phillips Laboratory

9 Rome Laboratory

10 Wright Laboratory

Il Amold Engineering Development Center, Frank J. Seiler Research

Laboratory, and Wilford Hall Medical Center
High School Apprenticeship Program (HSAP) Reports

12A & 12B Armstrong Laboratory
13 Phillips Laboratory

14 ' Rome Laboratory
15A&15B Wright Laboratory

16 Arnold Engineering Development Center
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INTRODUCTION

The Summer Research Program (SRP), sponsored by the Air Force Office of Scientific Research
(AFOSR), offers paid opportunities for university faculty, graduate students, and high school students
to conduct research in U.S. Air Force research laboratories nationwide during the summer.

Introduced by AFOSR in 1978, this innovative program is based on the concept of teaming academic
researchers with Air Force scientists in the same disciplines using laboratory facilities and equipment
not often available at associates' institutions.

AFOSR also offers its research associates an opportunity, under the Summer Research Extension
Program (SREP), to continue their AFOSR-sponsored research at their home institutions through the
award of research grants. In 1994 the maximum amount of each grant was increased from $20,000 to
$25,000, and the number of AFOSR-sponsored grants decreased from 75 to 60. A separate annual
report is compiled on the SREP.

The Summer Faculty Research Program (SFRP) is open annually to approximately 150 faculty
members with at least two years of teaching and/or research experience in accredited U.S. colleges,
universities, or technical institutions. SFRP associates must be either U.S. citizens or permanent
residents.

The Graduate Student Research Program (GSRP) is open annually to approximately 100 graduate
students holding a bachelor's or a master's degree; GSRP associates must be U.S. citizens enrolled full
time at an accredited institution.

The High School Apprentice Program (HSAP) annually selects about 125 high school students located
within a twenty mile commuting distance of participating Air Force laboratories.

The numbers of projected summer research participants in each of the three categories are usually
increased through direct sponsorship by participating laboratories.

AFOSR's SRP has well served its objectives of building critical links between Air Force research
laboratories and the academic community, opening avenues of communications and forging new
research relationships between Air Force and academic technical experts in areas of national interest;
and strengthening the nation's efforts to sustain careers in science and engineering. The success of the
SRP can be gauged from its growth from inception (see Table 1) and from the favorable responses the
1994 participants expressed in end-of-tour SRP evaluations (Appendix B).

AFOSR contracts for administration of the SRP by civilian contractors. The contract was first
awarded to Research & Development Laboratories (RDL) in September 1990. After completion of
the 1990 contract, RDL won the recompetition for the basic year and four 1-year options.



2. PARTICIPATION IN THE SUMMER RESEARCH PROGRAM

The SRP began with faculty associates in 1979; graduate students were added in 1982 and high school
students in 1986. The following table shows the number of associates in the program each year.

Table 1: SRP Participation, by Year

YEAR Number of Participants TOTAL
SFRP GSRP HSAP

1979 70 70
1980 87 87
1981 87 87
1982 91 17 108
1983 101 53 154
1984 152 84 236
1985 154 92 246
1986 158 100 42 300
1987 159 101 73 333
1988 153 107 101 361
1989 168 102 103 373
1990 165 121 132 418
1991 170 142 132 444
1992 185 121 159 464
1993 187 117 136 440
1994 192 117 133 442

Beginning in 1993, due to budget cuts, some of the laboratories weren’t able to afford to fund as many
associates as in previous years; in one case a laboratory did not fund any additional associates.
However, the table shows that, overall, the number of participating associates increased this year
because two laboratories fiinded more associates than they had in previous years.




3. RECRUITING AND SELECTION

The SRP is conducted on a nationally advertised and competitive-selection basis. The advertising for
faculty and graduate students consisted primarily of the mailing of 8,000 44-page SRP brochures to
chairpersons of departments relevant to AFOSR research and to administrators of grants in accredited
universities, colleges, and technical institutions. Historically Black Colleges and Universities (HBCUs)
and Minority Institutions (MIs) were included. Brochures also went to all participating USAF
laboratories, the previous year's participants, and numerous (over 600 annually) individual requesters.

Due to a delay in awarding the new contract, RDL was not able to place advertisements in any of the
following publications in which the SRP is normally advertised: Black Issues in Higher Education,
Chemical & Engineering News, IEEE Spectrum and Physics Today.

High school applicants can participate only in laboratories located no more than 20 miles from their
residence. Tailored brochures on the HSAP were sent to the head counselors of 180 high schools in
the vicinity of participating laboratories, with instructions for publicizing the program in their schools.
High school students selected to serve at Wright Laboratory's Armament Directorate (Eglin Air Force
Base, Florida) serve eleven weeks as opposed to the eight weeks normally worked by high school
students at all other participating laboratories.

Each SFRP or GSRP applicant is given a first, second, and third choice of laboratory. High school
students who have more than one laboratory or directorate near their homes are also given first,
second, and third choices.

Laboratories make their selections and prioritize their nominees. AFOSR then determines the number
to be funded at each laboratory and approves laboratories' selections.

Subsequently, laboratories use their own funds to sponsor additional candidates. Some selectees do
not accept the appointment, so alternate candidates are chosen. This multi-step selection procedure
results in some candidates being notified of their acceptance after scheduled deadlines. The total
applicants and participants for 1994 are shown in this table.

Table 2: 1994 Applicants and Participants

PARTICIPANT TOTAL SELECTEES DECLINING

CATEGORY APPLICANTS SELECTEES
SFRP 600 192 30
HBCU/MI) (90) (16) )
GSRP 322 117 11
(HBCUMI) (D) ©) ©)
HSAP 562 133 14
TOTAL 1484 442 55

4. SITE VISITS




During June and July of 1994, representatives of both AFOSR/NI and RDL visited each participating
laboratory to provide briefings, answer questions, and resolve problems for both laboratory personnel
and participants. The objective was to ensure that the SRP would be as constructive as possible for all
participants. Both SRP participants and RDL representatives found these visits beneficial. At many of

the laboratories, this was the only opportunity for all participants to meet at one time to share their
experiences and exchange ideas.

5. HISTORICALLY BLACK COLLEGES AND UNIVERSITIES AND MINORITY
INSTITUTIONS (HBCU/MIs)

In previous years, an RDL program representative visited from seven to ten different HBCU/MIs to
promote interest in the SRP among the faculty and graduate students. Due to the late contract award
date (January 1994) no time was available to visit HBCU/MIs this past year.

In addition to RDL's special recruiting efforts, AFOSR attempts each year to obtain additional funding
or use leftover funding from cancellations the past year to fund HBCU/MI associates. This year, seven

HBCUMI SFRPs declined after they were selected. The following table records HBCU/MI
participation in this program.

Table 3: SRP HBCU/MI Participation, by Year

YEAR SFRP GSRP
Applicants Participants Applicants Participants

1985 76 23 15 11
1986 70 18 20 10
1987 82 32 32 10
1988 53 17 23 14
1989 39 15 13 4
1990 43 14 17 3
1991 42 13 8 5
1992 70 13 9 5
1993 60 13 6 2
1994 90 16 11 6




6. SRP FUNDING SOURCES

Funding sources for the 1994 SRP were the AFOSR-provided slots for the basic contract and
laboratory funds. Funding sources by category for the 1994 SRP selected participants are shown here.

Table 4. 1994 SRP Associate Funding

FUNDING CATEGORY SFRP GSRP HSAP
AFOSR Basic Allocation Funds 150 98" 1217
USAF Laboratory Funds 37 19 12
HBCU/MI By AFOSR 5 0 0
(Using Procured Addn’l Funds)
TOTAL 192 117 133
*1 - 100 were selected, but two canceled too late to be replaced.
*2 - 125 were selected, but four canceled too late to be replaced.
7. COMPENSATION FOR PARTICIPANTS
Compensation for SRP participants, per five-day work week, is shown in this table.
Table 5: 1994 SRP Associate Compensation
PARTICIPANT CATEGORY 1991 1992 1993 1994
Faculty Members $690 $718 $740 $740
Graduate Student $425 $442 $455 $455
(Master's Degree)
Graduate Student $365 $380 $391 $391
(Bachelor's Degree)
High School Student $200 $200 $200 $200
(First Year)
High School Student $240 $240 $240 $240
(Subsequent Years)




The program also offered associates whose homes were more than 50 miles from the laboratory an
expense allowance (seven days per week) of $50/day for faculty and $37/day for graduate students.
Transportation to the laboratory at the beginning of their tour and back to their home destinations at
the end was also reimbursed for these participants. Of the combined SFRP and GSRP associates, 58%
(178 out of 309) claimed travel reimbursements at an average round-trip cost of $860.

Faculty members were encouraged to visit their laboratories before their summer tour began. All costs
of these orientation visits were reimbursed. Forty-one percent (78 out of 192) of faculty associates
took orientation trips at an average cost of $498. Many faculty associates noted on their evaluation
forms that due to the late notice of acceptance into the 1994 SRP (caused by the late award in January
1994 of the contract) there wasn’t enough time to attend an orientation visit prior to their tour start
date. In 1993, 58 % of SFRP associates took orientation visits at an average cost of $685.

Program participants submitted biweekly vouchers countersigned by their laboratory research focal
point, and RDL issued paychecks so as to arrive in associates' hands two weeks later.

HSAP program participants were considered actual RDL employees, and their respective state and
federal income tax and Social Security were withheld from their paychecks. By the nature of their
independent research, SFRP and GSRP program participants were considered to be consultants or
independent contractors. As such, SFRP and GSRP associates were responsible for their own income
taxes, Social Security, and insurance.

8. CONTENTS OF THE 1994 REPORT

The complete set of reports for the 1994 SRP includes this program management report augmented by
fifteen volumes of final research reports by the 1994 associates as indicated below:

Table 6: 1994 SRP Final Report Volume Assignments

VOLUME
LABORATORY SFRP GSRP  HSAP

Armstrong 2 7 12

Phillips 3 8 13

Rome 4 9 14

Wright 5A, 5B 10 15

AEDC, FISRL, WHMC 6 11 16
AEDC = Armnold Engineering Development Center
FJSRL = Frank J. Seiler Research Laboratory
WHMC = Wilford Hall Medical Center




APPENDIX A — PROGRAM STATISTICAL SUMMARY

A. Colleges/Universities Represented

Selected SFRP and GSRP associates represent 158 different colleges, universities, and
institutions.
B. States Represented

SFRP -Applicants came from 46 states plus Washington D.C. and Puerto Rico. Selectees
represent 40 states.

GSRP - Applicants came from 46 states and Puerto Rico. Selectees represent 34 states.

HSAP - Applicants came from fifteen states. Selectees represent ten states.

C. Academic Disciplines Represented

The academic disciplines of the combined 192 SFRP associates are as follows:

Electrical Engineering 22.4%
Mechanical Engineering 14.0%
Physics: General, Nuclear & Plasma 12.2%
Chemistry & Chemical Engineering 11.2%
Mathematics & Statistics 8.1%
Psychology 7.0%
Computer Science 6.4%
Aerospace & Aeronautical Engineering 4.8%
Engineering Science 2.7%
Biology & Inorganic Chemistry 2.2%
Physics: Electro-Optics & Photonics 2.2%
Communication 1.6%
Industrial & Civil Engineering 1.6%
Physiology 1.1%
Polymer Science 1.1%
Education 0.5%
Pharmaceutics 0.5%
Veterinary Medicine 0.5%
TOTAL 100%




Table A-1. Total Participants

Number of Participants
SFRP 192
GSRP 117
HSAP 133
TOTAL 442

Table A-2. Degrees Represented

Degrees Represented
SFRP GSRP TOTAL
Doctoral 189 0 189
Master's 3 47 50
Bachelor's 0 70 70
TOTAL 192 117 309

Table A-3. SFRP Academic Titles

Academic Titles

Assistant Professor 74
Associate Professor 63
Professor 44
Instructor 5
Chairman 1
Visiting Professor 1
Visiting Assoc. Prof. 1
Research Associate 3
TOTAL 192




Table A-4. Source of Learning About SRP

SOURCE SFRP GSRP
Applicants | Selectees | Applicants | Selectees

Applied/participated in prior years 26% 37% 10% 13%
Colleague familiar with SRP 19% 17% 12% 12%
Brochure mailed to institution 32% 18% 19% 12%
Contact with Air Force laboratory 15% 24% 9% 12%
Faculty Advisor (GSRPs Only) -- - 39% 43%
Other source 8% 4% 11% 8%

TOTAL 100% 100% 100% 100%

Table A-5. Ethnic Background of Applicants and Selectees

SFRP GSRP HSAP
Applicants | Selectees | Applicants | Selectees | Applicants | Selectees
American Indian or 0.2% 0% 1% 0% 0.4% 0%
Native Alaskan
Asian/Pacific Islander 30% 20% 6% 8% 7% 10%
Black 4% 1.5% 3% 3% 7% 2%
Hispanic 3% 1.9% 4% 4.5% 11% 8%
Caucasian 51% 63% T7% 77% 70% 75%
Preferred not to answer 12% 14% 9% 7% 4% 5%
TOTAL 100% 100% 100% 100% 99% 100%

Table A-6. Percentages of Selectees receiving their 1st, 2nd, or 3rd Choices of Directorate

st 2nd 3rd Other Than

Choice Choice Choice Their Choice
SFRP 70% 7% 3% 20%
GSRP 76% 2% 2% 20%
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APPENDIX B - SRP EVALUATION RESPONSES

1. OVERVIEW

Evaluations were completed and returned to RDL by four groups at the completion of the SRP. The
number of respondents in each group is shown below.

Table B-1. Total SRP Evaluations Received

Evaluation Group Responses
SFRP & GSRPs 275
HSAPs 116
USAF Laboratory Focal Points 109
USAF Laboratory HSAP Mentors 54

All groups indicate near-unanimous enthusiasm for the SRP experience.

Typical comments from 1994 SRP associates are;

"[The SRP was an] excellent opportunity to work in state-of-the-art facility with top-notch
people.”

"[The SRP experience] enabled exposure to interesting scientific application problems;
enhancement of knowledge and insight into ‘real-world' problems."

"[The SRP] was a great opportunity for resourceful and independent faculty [members] from
small colleges to obtain research credentials."

"The laboratory personnel I worked with are tremendous, both personally and scientifically. I
cannot emphasize how wonderful they are."

"The one-on-one relationship with my mentor and the hands on research experience improved
[my] understanding of physics in addition to improving my library research skills. Very
valuable for [both] college and career!"
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Typical comments from laboratory focal points and mentors are:

"This program [AFOSR - SFRP] has been a ‘God Send’ for us. Ties established with summer
faculty have proven invaluable.”

"Program was excellent from our perspective. So much was accomplished that new options
became viable "

"This program managed to get around most of the red tape and ‘BS’ associated with most Air
Force programs. Good Job!"

“Great program for high school students to be introduced to the research environment. Highly
educational for others [at laboratory].”

“This is an excellent program to introduce students to technology and give them a feel for
[science/engineering] career fields. I view any return benefit to the government to be ‘icing on
the cake’ and have usually benefitted.”

The summarized recommendations for program improvement from both associates and laboratory
personnel are listed below (Note: basically the same as in previous years.)

A

Better preparation on the labs’ part prior to associates' arrival (i.e., office space,
computer assets, clearly defined scope of work).

Laboratory sponsor seminar presentations of work conducted by associates, and/or
organized social functions for associates to collectively meet and share SRP
experiences.

Laboratory focal points collectively suggest more AFOSR allocated associate
positions, so that more people may share in the experience.

Associates collectively suggest higher stipends for SRP associates.

Both HSAP Air Force laboratory mentors and associates would like the summer tour
extended from the current 8 weeks to either 10 or 11 weeks; the groups state it takes
4-6 weeks just to get high school students up-to-speed on what’s going on at
laboratory. (Note: this same arguement was used to raise the faculty and graduate
student participation time a few years ago.)




2. 1994 USAF LABORATORY FOCAL POINT (LFP) EVALUATION RESPONSES

The summarized results listed below are from the 109 LFP evaluations received.
1. LFP evaluations received and associate preferences:

Table B-2. Air Force LFP Evaluation Responses (By Type)

How Many Associates Would You Prefer To Get ? (% Response)

SFRP GSRP (w/Univ Professor) GSRP (w/o Univ Professor)

Lab Evals 0 1 2 3+ 0 1 2 3+ 0 1 2 3+
Recv’d

AEDC 10 30 50 0 20 50 40 0 10 40 60 0 0
AL 44 34 50 6 9 54 34 12 0 56 31 12 0
FJSRL 3 33 33 33 0 67 33 0 0 33 67 0 0
PL 14 28 43 28 0 57 21 21 0 71 28 0 0
RL 3 33 67 0 0 67 0 33 0 100 0 0 0
WHMC 1 0 0 100 0 0 100 0 0 0 100 0 0
WL 46 15 61 24 0 56 30 13 0 76 17 6 0
Total 121 25% 43% 27% 4% | 50% 37% 11% 1% | 54% 43% 3% 0%

LFP Evaluation Summary. The summarized repsonses, by laboratory, are listed on the following

page. LFPs were asked to rate the following questions on a scale from 1 (below average) to 5 (above
average).

2. LFPs involved in SRP associate application evaluation process:

a. Time available for evaluation of applications:

b. Adequacy of applications for selection process:
3. Value of orientation trips:
4. Length of research tour:
5 Benefits of associate's work to laboratory:
Benefits of associate's work to Air Force:
Enhancement of research qualifications for LFP and staff:
Enhancement of research qualifications for SFRP associate:
Enhancement of research qualifications for GSRP associate:
Enhancement of knowledge for LFP and staff'
Enhancement of knowledge for SFRP associate:

¢. Enhancement of knowledge for GSRP associate:
8. Value of Air Force and university links:
9. Potential for future collaboration:
10.  a. Your working relationship with SFRP:

b. Your working relationship with GSRP:
11. Expenditure of your time worthwhile:

(Continued on next page)
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12. Quality of program literature for associate:
13. a. Quality of RDL's communications with you:

b. Quality of RDL's communications with associates:
14. Overall assessment of SRP:

Laboratory Focal Point Reponses to above questions

AEDC AL  FJSRL PL RL WHMC WL
# Evals Recv'd 10 32 3 14 3 1 46
Question #
2 90% 62% 100% 64% 100% 100% 83%
2a 3.5 3.5 47 44 4.0 4.0 3.7
2b 4.0 38 4.0 43 43 4.0 3.9
3 42 3.6 43 38 4.7 4.0 4.0
4 3.8 3.9 4.0 42 43 NOENTRY 40
S5a 4.1 44 47 49 43 3.0 4.6
5b 4.0 42 47 47 43 3.0 45
6a 3.6 4.1 3.7 4.5 43 3.0 4.1
6b 3.6 4.0 4.0 44 4.7 3.0 42
6¢ 33 42 4.0 4.5 4.5 30 42
Ta 39 43 4.0 4.6 40 3.0 42
7b 4.1 43 43 4.6 47 3.0 43
7c 33 4.1 4.5 45 4.5 50 43
8 42 43 5.0 49 43 5.0 4.7
9 3.8 4.1 4.7 5.0 4.7 5.0 4.6
10a 4.6 45 5.0 49 4.7 5.0 4.7
10b 43 42 5.0 43 5.0 5.0 45
11 4.1 45 43 49 4.7 4.0 4.4
12 4.1 39 4.0 4.4 47 3.0 4.1
13a 3.8 29 4.0 40 47 3.0 3.6
13b 3.8 29 4.0 43 4.7 3.0 3.8
14 4.5 44 5.0 4.9 4.7 4.0 4.5
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3.

1994 SFRP & GSRP EVALUATION RESPONSES

The summarized results listed below are from the 275 SFRP/GSRP evaluations received.

9.

Associates were asked to rate the following questions on a scale from

1 (below average) to 5 (above average)

. The match between the laboratories research and your field:

Your working relationship with your LFP:

. Enhancement of your academic qualifications:
. Enhancement of your research qualifications:

. Lab readiness for you: LFP, task, plan:

Lab readiness for you: equipment, supplies, facilities:

Lab resources:

. Lab research and administrative support:

Adequacy of brochure and associate handbook:

10. RDL communications with you:

11. Overall payment procedures:

12. Overall assessment of the SRP:

13.  a. Would you apply again? Yes:
b. Will you continue this or related research? Yes:
14. Was length of your tour satisfactory? Yes:

15. Percentage of associates who engaged in:

a. Seminar presentation:
b. Technical meetings:
¢. Social functions:

d. Other
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4.6

438

44

4.5

43

4.1

43

4.5

43

43

3.8

4.7

85%
95%

86%

52%
32%
03%
01%




16. Percentage of associates who experienced difficulties in:

a. Finding housing:
b. Check Cashing:

17. Where did you stay during your SRP tour?
a. At Home:
b. With Friend:
¢. On Local Economy:
d. Base Quarters:
THIS SECTION FACULTY ONLY:
18. Were graduate students working with you?
19. Would you bring graduate students next year?
20. Value of orientation visit:
Essential:
Convenient:
Not Worth Cost:
Not Used:
THIS SECTION GRADUATE STUDENTS ONLY:
21. Who did you work with:

University Professor:
Laboratory Scientist:

Yes:

Yes:

12%
03%

20%
06%
47%
10%

23%

56%

2%%
20%
01%
34%

18%
54%



4. 1994 USAF LABORATORY HSAP MENTOR EVALUATION RESPONSES

The summarized results listed below are from the 54 mentor evaluations received.

1. Mentor apprentice preferences:

Table B-3. Air Force Mentor Responses

How Many Apprentices Would
You Prefer To Get ?

HSAP Apprentices Preferred

Laboratory # Evals 0 1 2 3+
Recv’d

AEDC 6 0 100 0 0
AL 17 29 47 6 18
PL 9 22 78 0 0
RL 4 25 75 0 0
WL 18 22 55 17 6
Total 54 20% T1% 5% 5%

Mentors were asked to rate the following questions on a scale from
1 (below average) to 5 (above average)

2. Mentors involved in SRP apprentice application evaluation process:

a. Time available for evaluation of applications:

b. Adequacy of applications for selection process:
Laboratory's preparation for apprentice:
Mentor's preparation for apprentice:
Length of research tour:
Benefits of apprentice's work to U.S. Air force:
Enhancement of academic qualifications for apprentice:
Enhancement of research skills for apprentice:
9. Value of U.S. Air Force/high school links:
10. Mentor's working relationship with apprentice:
11. Expenditure of mentor's time worthwhile:
12. Quality of program literature for apprentice:
13.  a. Quality of RDL's communications with mentors:

b. Quality of RDL's communication with apprentices:

14. Overall assessment of SRP:

NN AW
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AEDC AL PL RL WL
# Evals Recv’d 6 17 9 4 18
Question #

2 100% 76% 56% 75% 61%

2a 42 4.0 3.1 3.7 3.5

2b 40 4.5 4.0 4.0 3.8

3 43 3.8 39 3.8 3.8

4 45 3.7 34 42 3.9

5 3.5 4.1 3.1 3.7 3.6

6 43 39 4.0 4.0 42

7 4.0 44 43 42 39

8 47 44 44 42 4.0

9 47 42 3.7 45 4.0

10 47 4.5 44 45 42

11 48 43 4.0 4.5 4.1

12 42 4.1 4.1 48 3.4

13a 3.5 3.9 3.7 4.0 3.1

13b 4.0 41 34 4.0 35

14 4.3 4.5 3.8 4.5 4.1
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S.

1994 HSAP EVALUATION RESPONSES

The summarized results listed below are from the 116 HSAP evaluations received.

9.

HSAP apprentices were asked to rate the following questions on a scale from

1 (below average) to 5 (above average)

. Match of lab research to you interest:

. Apprentices working relationship with their mentor and other lab scientists:
. Enhancement of your academic qualifications:

. Enhancement of your research qualifications:

. Lab readiness for you: mentor, task, work plan

. Lab readiness for you: equipment supplies facilities

. Lab resources: availability

. Lab research and administrative support:

Adequacy of RDL’s apprentice handbook and administrative materials:

10. Responsiveness of RDL’s communications:

11. Overall payment procedures:

12. Overall assessment of SRP value to you:

13. Would you apply again next year?

14. Was length of SRP tour satisfactory?

15. Percentages of apprentices who engaged in:

a. Seminar presentation:
b. Technical meetings:
¢. Social functions:
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Yes:
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4.1

3.7

43

43
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4.0

3.5

33

4.5

88%
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Abstract

Grand challenge applications test the limits and benefits of high performance computer
(HPC) technology applied to problems of great significance. This focus on the development
of a handful of pilot applications is necessary for both developers and potential users. However,
the development methods employed to achieve the grand challenge goals are not always useful
as general application development models for prospective industrial users. One of the critical
questions is, what kind of application development technology would enable rapid growth in
HPC applications?

This paper argues that in many important industrial application areas the answer is not in
the relentless quest for simplified, "easy-to-use” programming models. Rather, it is more efficient
to provide rich, domain specific, model-based programming environments that directly support
concepts. relations and model composition principles which are routinely used in the particular
application field. Further, it highlights our experience using tools of this type to develop high
performance applications while participating in the 1994 SFRP at AEDC.
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Introduction

In recent yvears. parallel computer architectures have achieved respectable results in high perfor-

mance computing. Microprocessor-based parallel computers have the potential to offer higher
performance/cost ratios than vector multiprocessors. Therefore, significant effort has been in-
vested in their development. Although the peak performance of emerging parallel systems seems
to justify this promise, they have not yet delivered this high performance to a large class of ap-
plications. )

The single most important barrier to the use of highly parallel systems has been the difficulty
of programming. The recent convergence in parallel architectures provided the foundation for
faster progress in operating systems and parallel languages. Highly portable micro-kernels,
modular servers. and data parallel language dialects such as High Performance Fortran and
High Performance C+4+ enable and simplify programming of many applications. While these
results are necessary for providing access to the hardware resources, they are far from enough to
support the widespread application of high performance parallel computers. Despite the relative
simplicity of the HPF and HPC++ parallel programming models, the routine development of
applications that can take advantage of four to five orders of magnitude higher computation
performance than today’s workstations, remains a major challenge.

The current focus on the development of a handful of pilot applications is necessary both
for the developers and potential users. Grand challenge applications test the limits and benefits
of the technology in problems of great significance. However, the development method used in
these unique programs should not be expected to serve as a general application development
model for prospective industrial users. One of the critical questions is, what kind of application
development technology would enable rapid growth in HPC applications?

This paper argues that in many important industrial application areas the answer is not in
the relentless quest for simplified, "easy-to-use” programming models. Rather, it is more efficient
to provide rich. domain specific model-based programming environments that directly support
concepts, relations and model composition principles which are routinely used in the particular

application field. Over the last decade, Vanderbilt University’s Measurement and Computing
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Systems Laboratory has developed several model-hased programming environments for medical
instrumentation [19]. acrospace [13], process control [11], large-scale signal processing [20] and
parallel instrumentation {2] applications. The first part of this paper summarizes the Multi-
graph Architecture (MGA) which provides a unified framework for model-based programming
environments. The second part describes a specific example for an MGA-based model-based pro-
gramming environment and program synthesis system, which has been developed for large-scale,

parallel instrumentation systems, CADDMAS.

Model-Based Programming Environments

The role and significance of models and modeling in software engineering is well recognized.

In a recent paper [8]. David Harel described a software development method which utilizes
models for representing the function and behavior of the software to be implemented. These
models are suggested for use in formal analysis and execution, providing tremendous help in
building large-scale. reliable systems. Our approach is closely related to the method described
by Harel. In many industrial applications, particularly in the area of embedded and reactive
systems, system designers view software as an implementation method of certain functionalities
(controllers. monitoring systems, etc.) which are an integral part of a complex environment. The
natural way to specify these functionalities is to use the concepts and notions of the domain,
independently from the way of their implementation.

In the MGA approach, a model-based programming environment is inherently domain spe-
cific it adopts the concepts, relations, composition principles and constraints of a given domain.
In complex domains, for instance in chemical process management where the modeling paradigm
is extremely rich [10], the programming environment is necessarily complex. The Multigraph

Architecture is a particular solution for building model-based programming environments.

Multigraph Architecture

The MGA provides the architectural framework for model-based software synthesis in real-time,

parallel computing environments. The structure of the MGA, which has been greatly influenced
by the need for dynamic program synthesis, includes three main components, the Modeling

Environment, the Model Interpreters, and the Ezrecution Environment.

The Modeling Environment includes tools for building, maintaining and storing multiple-
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aspect models M =< Mj, M, -+, M, > that represent domain knowledge. The Model In-
terpreters transform the models into an executable program. A special execution environment
is needed to support the program generated. For the past MGA appllications, the Execution
Environment has been based on a macro-dataflow virtual machine defined by the Multigraph
Computational Model (MCM) and implemented by the Multigraph Kernel (MGK). During the
SFRP. the execution environment has evolved into what we call “active processes”. “Active
processes” fully support the previous abstraction of the Multigraph Kernel as well as being
faster, smaller, and supporting hard real-time constraints. Both “active processes” and the
MGK execution environments provide support for the MCM along with an application specific
“primitive” library whose elements are the lowest-level components of tl}e generated program.
The following sections provide details about the Multigraph Architecture components. Details
of the new “active processes” execution environment are provided in the final report written by

Ted Bapty contained in this volume.

Modeling Environment

One of the critical issues of model-based program synthesis is the content and structure of model

databases. They capture the information needed to generate programs from requirements in a
given application domain.

In Multigraph, the application specific knowledge is expressed in the form of formal models
whose building, verification and maintenance is supported by various tools, which constitute the
Modeling Environment. The term model-based software synthesis stems from this characteristic
of the knowledge-base, and differentiates the approach from other transformational systems

where the knowledge base is represented primarily in the form of transformation rules.

Models and Model Builders

The role and use of system modeling is a fundamental topic in software engineering. Earlier

work on structured analysis and design {e.g. [5]), current work on software modeling [8], and
object-oriented modeling and design (e.g. [15]) identified basic aspects such as functional, control
(or behavioral), and decomposition principles such as module hierarchy, abstraction hierarchy,
and inheritance hierarchy that have become part of software engineering practice. Experience

with a variety of reactive systems in the fields of instrumentation [18], process control {11], and
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signal processing [20] have led to the recognition of the following principles:

L. Need for multiple-aspect modeling. A generally accepted approach i£1 modeling reactive
systems is to model only specific aspects of the software to be built [8]. Although this
approach limits the complexity of modeling, it leaves out an essential component of reactive
systems, the environment. For example, in process control systems the structure and
characteristics of the monitoring and fault diagnostic software are strongly influenced by
the model of the plant [14]. This information is usually present in the code only in the form
of implicit assumptions and attributes. In large-scale real-time instrumentation systems
that are running on parallel hardware configurations, the structure of the signal-flow is
directly influenced by the hardware configuration [1]. Therefore. odeling paradigms in
Multigraph-based systems typically consist of multiple modeling aspects. These include
selected features of the environment, the software system, and their interaction. The
software is generated using the information in these models in the model interpretation

process.

2. Use of application specific modeling paradigms. A modeling paradigm includes concepts and
relationships that can efficiently represent a domain. Multigraph-based systems use appli-
cation specific modeling paradigms for two reasons: 1) General-purpose semantic knowledge
representation seems to be far in the future [16] and currently it does not promise usable
results. 2) Many disciplines use formalized and ad-hoc modeling paradigms for describing
the function and behavior of systems, and for communicating design requirements. Process
flow-sheets in the chemical industry and signal-flow graphs in electrical engineering are ex-
amples of application specific concepts and notations. It is usually inefficient (and maybe
impossible) to recast existing, thoroughly understood knowledge in a different framework.
Multigraph attempts to provide generality, not on the level of the modeling paradigm, but
in the overall framework and the supporting tools. It uses customizable graphic editors
for model building [9], modeling paradigm specification languages, and tools for model

interpretation.

3. Use of a unified control discipline. The control structure is always a considerable part
of the complexity of programs. This is particularly true for parallel computing software,

where communication and synchronization among the computation units are critical not
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only for the correct operation but also for the performance of the system. A basic feature
of the MGA is that the execution environment includes a unified processor and architecture
independent Multigraph Computation Model (MCM). The significance of the MCM is that
models can be transformed into a unified computation-graph. This graph implicitly defines

the communication and synchronization among the elementary computation units.

One of the valuable contributions of Al research to modeling is the rich knowledge representa-
tion formalism. The two most frequently used solutions are: (1) rule forms possibly augmented
with numeric representation schemes; and (2) declarative representation languages defined for
the selected problem specific modeling discipline. Experience shows that rule-oriented represen-
tation methods are often inefficient, intractable, and, in a number of case$, are not sufficient for
general model building problems [6]. It is especially true in system modeling where most of the
complexity is expressed in structural relationships. Therefore, the modeling is based on a unified
declarative language framework and an equivalent graphic representation formalism which can
be customized to specific modeling paradigms. A detailed description of the underlying software
technology can be found in {11]. Thé general characteristics of the MGA modeling formalism

are the following;:
1. A declarative language that is a “frame-language” in a LISP-like syntax.
2. The graphic formalism is based on icons, ports, and connections.

3. The model-building is accomplished by using graphic editors. Construction of graphic
structures automatically generates the associated textual form, the declarative language

representation.

Execution Environment

The interpretation process transforms the declared models and specifications into a set of

communicating executable programs spread across a network of processors. In order to make
this program synthesis computation easier to implement, the Multigraph Computational Model
(MCM) is used as a unified virtual machine in the Execution Environment. The MCM is a macro
dataflow model. which defines the run-time structure of the executable program in terms of a

control-flow graph (CG). CG is a directed bipartite graph containing actor nodes, data nodes,
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and their connections. An erecution structure (tasks and environments) is used for assigning
sub graphs of the C'G to particular computational resources (3], [17]. Components of the MGK

based MCM! include actornodes, datanodes, environments, tasks, and an interpreter interface.

o Actornodes are the computational operators of the dataflow grapﬁ. Associated with an
actor are: scheduler state (inactive, active, ready, or running); script, a reentrant algorithm
expressed in a procedural/numeric language usually incorporated from a library of standard
operations; contexzt, a static local memory section for state and builder-initialized variables;
input and output ports, the input and output data streams; and control principle which
determines what criteria will be used to decide when an actor should be executed: ifall
(datais present), ifany, or based on a real-time event. MCM kernel calls allow actor scripts

to receive input tokens, access their context, and propagate output tokens.

¢ Datanodes provide a queuing and asynchronous connection function between actornodes.
Any number of actor output ports may be connected to a datanode. A datanode may be
connected to any number of actor input ports. Datanodes may be enabled or disabled and
have a specified length. Datanodes provide a simple interface for the model interpreters to

control. build. and monitor an executing graph.

* Environments are used to protect system resources and provide a priority mechanism for
sections of the dataflow graph. All actors are assigned to an environment. Environments
of the same priority are serviced in a round-robin fashion. Only one actor per environment

will be executed at any one time, ensuring mutual exclusion within an environment.

¢ Tasks provide a generic interface to the basic computational resources of the underlying
machine. In a multitasking environment they are simply the different processing threads
available to the NICM kernel. In a multiprocessor system they are the individual processors
themselves. Environments are attached to tasks. The task and environment concepts allow

the actual implementation of the underlying system to be hidden from the user.

o The MCM interpreter interface provides several functions for the management of the exe-

cution environment:

— Functions to create, destroy, connect input and output ports to datanodes, disconnect
from datanodes, activate, deactivate, stop, check the status of, replace, set the context

of, and set the script of actornodes.
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— Functions to create, destroy, connect to actor input and output ports, disconnect
from actors, clear, read, write, enable, disable, check length, set length, and check

connections of datanodes.

— Functions to create, destroy, attach to tasks, and set priority of environments as well

as to create and destroy tasks.

In summary, the MCM kernel provides an interface to build, modify, monitor, and control
an asynchronous macro-dataflow graph. The graph may be partitioned by the concept of en-
vironments and tasks. The actual dataflow graph looks slightly different from that of a classic
dataflow graph due to the introduction of the passive datanodes providing queuing functions.
The use of distinct actornodes and datanodes provides the capability for the model interpreters

to build. control, and monitor the dataflow graph.

Model Interpreters

The model interpreters perform a M — C'G mapping between the models and the executable

svstem specified in terms of the MCM computational model. The interpretation process is
dynamic. Complex systems typically include several functional components that form the exe-
cutable system. For example, a process control system includes the monitoring, control, diag-
nostic, and operator interface subsystems [11]. A signal monitoring system includes the signal
processing system and the message router. These different subsystems are synthesized from the
same integrated model database by means of different interpreters. This process, called multiple-
aspect interpretation, helps to keep the complexity of the individual interpreters low. At the
same time, it ensures that the generated subsystems will be consistent with each other. In cer-
tain cases, events in the execution environment can cause a model interpreter to begin running
again and to cause the currently executing computation graph to be modified. The problems
and details of different re-configuration methods and the related synchronization methods are

described in [4].

The APNA Tool

In order to assist in the creation and management of a parallel architecture suitable for a partic-

ular application system, the Automatic Parallel Network Analyzer (APNA) tool was developed.
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The basic computational blocks of a parallel instrumentation system often allow processor inter-
connections that are not fixed. For example. transputer architectures with DSP CO-Processors
fit signal processing applications especially well since the hardware connection architecture can
be configured to match the structure of the signal flow graph.

As computational requirements increase, so does the need for more processors. When an ar-
chitecture contains more than a couple of processors, managing hardware complexity becomes a
significant problem. Testing to see if the network of processors has been interconnected correctly,
searching for hardware errors, generating network information for an application loader, or cre-
ating map files for a message passing system by hand is time-consuming for tens of processors
and impossible for hundreds. .

APNA uses a file containing the declarative description of the hardware architecture to
automatically produce load files and maps required by different software components of the
svstem. The APNA tool loads the declarative description files and draws the network in a
graphical window. It is capable of loading files of a number of different formats, comparing
networks and displaying their differences, generating files for hardware diagnostic programs and
network loader, and displaying the attributes of the processors. It can selectively generate
message passing maps, handling multiple paths between processors while optimizing the maps

for minimum memory usage. [12] provides a detailed description of the APNA tool.

A Scalable Parallel Instrumentation Application

The Vanderbilt University Department of Electrical Engineering Measurement and Computing

Systems Group in cooperation with the US Air Force at Arnold Engineering Development Cen-
ter (AEDC), Sverdrup Technology (also at AEDC), and University of Tennessee Space Institute
(UTSI) have developed a computer system for on-line data analysis of turbine engine tests in the
altitude test cells of AEDC. This new high-speed computer architecture is based on parallel pro-
cessing concepts. During actual operation, the current 24 channel system continuously delivers
200 MFLOPS. This continuous performance index, measured on the actual application program,
exceeds the peak performance capabilities of many conventional high performance computers.
The Computer Assisted Dynamic Data Analysis and Monitoring System (CADDMAS) uses
a heterogeneous architecture including INMOS transputers for communication and general pur-

pose processing, Zoran and Motorola Digital Signal Processors for signal processing operations,

1-10




Texas Instruments Graphics Processors for on-line graphic display of calculated data, and an
Intel 486 based PC to provide an interactive graphic user interface (GUI).:The total processor

count of the 2.t channel system is 83.
Vanderbilt researchers have been working with AEDC for the past five years. Vanderbilt’s
role is to develop tools and techniques to manage the software complexity of this large, parallel,

real-time instrumentation system. Driving factors concerning the CADDMAS system include:

¢ A requirement for high performance computing. A 200 channel 2 Giga-Flop sustained

system is planned.

o A need for interactive monitoring of the processed data requires that some of the compu-
[
tations being performed must be modified on-the-fly.

e Event/Alarm recognition and response time.

o The need for a modular system allowing various components of the hardware to be “plugged”
together to build systems of different size and capabilities. The corresponding software must

be able to deal with these varying architectures.

In order to address the problems associated with the development of CADDMAS, model-based

techniques have been applied.

Problem Domain

Testing turbine engines involves running an instrumented version of the engine through various

operational maneuvers (e.g. Acceleration or Throttle Snap). These tests are typically conducted
while the engine is in a test cell (wind tunnel) capable of simulating altitude, atmospheric, and
air speed conditions. In order to analyze dynamic vibrations, strain gauges and other stress
sensors are attached to the turbine fan blades. A typical aeromechanic stress test instruments
the engine with several hundred stress sensors along with a variety of temperature, pressure,
flow, and revolution per second sensors. Stress sensors can generate signals with bandwidths in
the tens of Kilohertz.

Historically, analysis of turbine engine stress data has been an off line process. On-line
capabilities were limited to oscilloscopes showing unprocessed amplitude vs. time information

and a small number of signal analyzers for simple spectral analysis on single channels. The bulk

1-11




of the raw information was recorded onto analog tapes. Later, the analog tapes were digitized
into conventional computers for analysis. The processing of this data was’ extremely compute
intensive, and consequently, only a selected portion of the data was reduced. The analysis
imposed a delay of several weeks on the availability of final results. Thus, vital information was
not available for on-line test planning and evaluation.

The CADDMAS system was developed to provide these capabilities on-line. The system
processes all sensor readings and presents the results in both graphic and in hard copy form,
during the test. The immediate availability of results opens the possibility for interactive test
planning.

A graphic user interface allows the user to configure various visualizatiozl screens interactively.
The user can select the number of visible windows on a screen, the contents of each plot window,
and the parameters of each plot, such as titles, labels, axis ranges, and plot type, and display
window update rate. Stored configurations automate the operation of the user interface. The

user can also print any window or all windows on a screen.

Computations Performed by CADDMAS

The types of on-line plots generated by the CADDMAS system include:

* Amplitude versus Time. This represents the absolute stress on a blade over time. This
calculation involves scaling the sampled A/D counts to engineering units (y = Az + B) and

triggering the beginning of a display plot with a once per revolution pulse of the turbine.

e Spectral display with Full-Time Envelope Capture. This shows the energy of vibrations
over a range of frequencies. The envelope continuously captures the historical maximum
to ensure that no spectral activity is missed. FFT’s are used to generate the spectral

estimates.

* Frequency Tracking. This display shows the spectrum corrected by engine RPM. This is

useful to observe synchronous vibrations over a range of engine speeds.

e Campbell diagrams. These are very important tools in the analysis of engine stress data.
The Campbell diagram is a three dimensional scatter plot of stress amplitude vs. frequency
vs. RPM. It represents historical information over an entire test maneuver and provides

a summary of the blade behavior in a single chart. Generation of a Campbell diagram
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involves sorting the peaks of all of the spectral estimates of a strain gauge across a test
maneuver and keeping the “interesting” peaks. Interesting is defined per test maneuver
and includes: minimum, maximum, and delta RPM of interest, minimum, maximum, and

delta frequency of interest, and minimum stress amplitude of interést.

e Phase Campbell diagrams. These show the phase angle relationship between two sensors
vs. frequency vs. RPM. They incorporate information from two related sensors and can

be used to help determine vibratory modes of an engine component.

e Modified Campbell diagrams. These allow the engineer to visualize the stress behavior of
the engine components as a function of any engine or environmental parameter (instead of

*
RPM) such as temperature, pressure, or time.

The Hardware Building Blocks
The CADDMAS hardware consists of various computational building blocks. INMOS trans-

puters are used to provide a basic message passing fabric. Each transputer has four high-speed
bidirectional serial communication links (20 Mega-bits per second) accessible through indepen-
dent DMA engines. The current CADDMAS prototype system is capable of the on-line, gap
free processing of 24 channels of stress, pressure, accelerometer, and other data at bandwidths
up to 20 Kilohertz. The bandwidth can be increased fourfold with a reduction in the number
of channels multiplexed by the A/D’s. The basic building blocks are modular so as to allow

svstems of various size and personality to be “plugged” together.

Scaling the CADDMAS Models

To build a new CADDMAS system with a different personality, more channels, or different

processing capabilities, the following procedure is used.

1. The desired signal flow graph is modeled with the graphical tools. For simply building a
larger or smaller CADDMAS, the previously defined compounds may be replicated without
change. They simply need to be “plugged” together. Specification changes (such as required
channel bandwidth or number of printers needed) are made by simply changing the values

of the top level static parameters of the signal flow model to reflect the desired system
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specifications. In order to make this process easier for non-programmers, the CADDMAS
application uses a separate file, defaults.lsp, to define the commonly changed specifications.
This file may be edited with a standard text editor. The values defined in it are loaded
into the top level compound of the CADDMAS signal flow model before interpretation.
Therefore. end users do not have to run the graphical editor to make model supported
specification changes. If a new basic processing algorithm is needed, the script must be
added to the Multigraph library and the corresponding information added to the signal

flow model.

. The Xgem/GMB MPDL tool is used to model the new hardware architecture resources

available. If the resources are already connected into an architeckure that is not to be
changed (changing the architecture of an 83 processor system can be quite time consuming),
then the model must include the fully connected architecture description. Otherwise, the

basic building blocks available need to be modeled.

. The model interpreter synthesizes the APNA file and the builder file for the selected sce-

nario.

. The APNA tool uses the automatically generated A PNA file to produce message passing

maps. a network loader description file, and a hardware configuration diagnostic file.

. The new architecture is physically wired. With a transputer system this involves plugging

serial link patch cords into the appropriate sockets on the backplane.

- The APNA configuration test program (Check) is run with its hardware configuration

diagnostic file to find any wiring errors. There are about 100 patch wires in a 50 processor

system. Therefore, wiring errors are common.

- The system is loaded and run. Starting the system causes the following actions to be

performed:
(2) The APNA produced network loader description file is used to verify and load each of
the transputers in the network with its necessary Multigraph kernel.

(b) The APNA produced message passing map is transferred down to each of the trans-

puters in order to tell them what routes (including hops) to use to talk with one

another.
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(¢) The interpreter generated builder file is run to create the individual nodes of the
macro-dataflow graph, actornodes and datanodes, and interconnect them across their
respective processors.

(d) The graph then begins execution. Once started, the individual processors talk directly
with each other as necessary. The user interface can cause different graphs to be plotted
at different rates and on different windows by writing various control parameters into

particular datanodes of the graph.

Experience with CADDMAS

The model-based approach has proven to be a very useful tool to help Ir:anag'e the complexity

of this large, parallel system.

To date, there have been over 10 different CADDMAS systems developed. The first system
was not developed with model-based techniques. Rather, it was programmed using the classic
transputer programming approach, communicating sequential processes (CSP) [7].

The first CADDMAS was developed with no model-based techniques or Multigraph tools. It
was programmed in Logical Systems C, a transputer C compiler and execution environment. It
took two members of the current Vanderbilt team a little over one year to develop the code for
the first CADDMAS. However, its development time cannot be directly compared with those
using model-based techniques because several of the original basic compute subroutines were
wrapped with MCM kernel calls to be used as scripts for the model-based approaches. The
modeling tools offer no shortcuts for programming basic subroutines (such as a FFT) on a
new compute platform. Rather, they can be employed to reuse libraries of such subroutines to
develop and modify systems composed of these routines.

The first CADDMAS system was quite successful with respect to showing the feasibility of
combining parallel processing with turbine engine instrumentation problems. It enabled test
engineers to get hard copy of plots seconds after a test was performed as opposed to their
previous several day waiting period. However, this initial success later led to a flood of system
modification requests. In particular the engine testing community began requesting CADDMAS
specification changes to match their ever changing testing requirements. Changes requested in-
cluded varying needs for number and bandwidth of channels, number and type of printer and

display changes, additional plot types, accuracy tradeoffs, and varying architectures attempt-
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ing to manage the utilization of the small number of processing resources AEDC had initially
purchased and manufactured.

Several of these requested changes were made to the original CADDMAS software. Fach
change typically took a two member Vanderbilt CADDMAS team a week to implement. How-
ever, as these requested changes kept coming in, the CADDMAS source code faced a crisis. In
the typical C fashion, IFDEF preprocessor directives were continually being added to the source
code in an attempt to meet varving configuration needs. Over the course of several changes,
time to implement a change grew well beyond a week. And some requested changes (scaling
to much larger systems in particular) seemed well beyond the reach of the current software.
Instead, the difficulty in making these changes demonstrated the need for'a complete rewrite of
the CADDMAS. Yet, a rewritten set of CSP style code for the new CADDMAS systems would
again be doomed to this same crisis if requests for changes continued.

As a result of the initial CADDMAS success, the software crisis it was facing, and the basic
research goals of the Measurement and Computing Systems Group at Vanderbilt, a rewrite of
the CADDMAS code was cast into the Multigraph Architecture where it could be supported
by model-based techniques. It was within this framework that the MBSS tools and techniques
arose.

Three CADDMAS systems developed using the model-based steps to build a new caddmas

procedure outlined above are described below:

o The very first model-based CADDMAS system was a four channel (single FEP), 8 Camp-
bell, 2 graphics displays system. Actual configuration time for that first system could not

be measured because the CADDMAS team was still finishing some of the tools along the

way.

¢ The second system was a 24 channel, 48 Campbell, 3 graphics displays, 3 laser printers
system. It took the CADDMAS team (at that time 3 full time graduate students working
40 hour weeks) one week to physically wire the network, synthesize the software, find a

previously missed bug in the message passing system, and make several new patch cables.

e The third system was a four channel (single I'EP), 4 Campbell, 1 graphics display system
made from spare parts. It only took one member of the CADDMAS team four hours to

physically wire the network and synthesize the software!
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While the utilization of the tools and the CADI.)MAS models by the system developers pro-
vides interesting metrics with respect to manipulation of the system by its highly knowledgeable
developers. use of the tools by non-programmer end users provides more insight. Since there
are several fielded CADDMAS systems that are in actual use, and Vanderbilt is geographically
separated from their location. several occasions have arisen that illustrate non-programmer ma-
nipulation of the system. In particular, a team of two Arnold Engineering Development Center
(AEDC) employees have manipulated the system specifications to generate various CADDMAS
scenarios several times.

Both AEDC CADDMAS team members have an intimate understanding of the CADDMAS
problem with respect to the signal analysis desired, the usefulness of the output plots, the
available input data streams, and the available hardware resources. Th;y did not participate
directly in the development of the actor scripts or models of the CADDMAS system. However,
thev did monitor the development of them.

The two AEDC members have successfully used the model-based tools to:

o Change the number and type of available CADDMAS parameters on several occasions by
modifying the top-level specifications in the defaults.lsp file. In particular, they recently
changed accuracy specifications so that only one Campbell diagram would be computed

per channel rather than two. However, the one computed had double its original accuracy.

o Regularly change system specifications to increase or decrease the channel bandwidth as

needed to support various engine tests.

o Directly modify the hardware architecture. That is, they use the APNA files to verify the

architecture changes.
¢ Change the number of printer devices and display devices in a particular system.

Throughout these changes, the Vanderbilt CADDMAS team has often answered questions
(phone calls) about the procedures necessary. However, questions on this level are now quite
infrequent. Rather, AEDC just makes the changes they want. For the AEDC team, changes of

the magnitude described above are typically accomplished within a 30 minute period.

CADDMAS Summary
The 24 channel CADDMAS system has been very successful. It has been in use since July
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of 1992. supporting about 20 different engine tests. During the Summer of 1994 Vanderbilt is
cooperated in the construction of a system based on Texas Instruments’ new ‘TMS320C40/C31
parallel digital-signal processors. The main task in that effort was to develop a new MCM
for the C-10/C31 (called active processes) and the primitive library for the new platform. As
well. the hardware models were updated to provide six communication ports instead of four.
After those steps were completed, various small versions of CADDMAS systems (1 channel, 2
(10s) were successfully generated. Iowever, as of yet. building a large TI based system has
been unsuccessful due to hardware trouble. When the hardware problems are corrected, the

generation of the large system is expected to be mainly a modeling and synthesis exercise.

('onclusions

While the grand challenge problems are extremelv useful to the growth of high performance com-

puting. they do not directly reflect the needs of the industrial community. These industrial needs
pose yet another challenge, the application challenge. When industrial applications become a
major part of high performance computing, overall growth will be tremendously accelerated.
Therefore. AEDC has contributed to the growth of the high performance computing commu-
nity through the CADDMAS project. New techniques are needed to aid in the development of
high performance computer applications. Simplification of the programming environment is not
always the key to success. The use of domain specific, complex modeling environments is well

suited to many industrial applications.
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Abstract

Parallel instrumentation systems, such as the AEDC CADDMAS system, are in high
demand. Unfortunately, these systems are also very complex and difficult to construct and
manage. The combination of parallel processing and real-time constraints force high system
complexity. Standard techniques are inadequate to deal with these systems.

Model-based techniques have been proven to deal with large system complexities. We
apply model-based techniques to construct large-scale parallel systems in short development
times. The abstractions used througout the entire modeling system are very imporant to
the success of the technique. The work described here deals with the low-level abstractions

necessary for a real-time kernel in the modeling approach.




Development of Large Parallel
Instrumentation Systems

Theodore A. Bapty

Introduction

The class of high-speed instrumentation presents several problems in system implementa-

tion:
1. Applications require high input/output rates to acquire raw data and to display results

9. Conversion of raw data to usable information demands high processing throughput.

This in turns leads to a parallel processing approach.

3. Systems must operate in a real-time mode. Results must be processed at the same
rate or faster than the raw data arrives. The results of processing may be used in a

control algorithm or to annunciate alarms, with specific time/latency constraints.
4. Systems are cost-sensitive. If costs are too high, the system will not be implemented.

5. Systems are typically embedded in the operating environment, putting constraints on

size and power consumption.

6. Users lack computer engineering experience. Often the potential users are experts in

the application domain. They are rarely computer system engineers.

The CADDMAS system is an excellent example of these constraints. The 48 channel, 50
KHz system acquires raw data at a constant 20 Mbyte/second rate. Over 1 GFLOPS(Giga-
FLoating point Operations Per Second) of sustained processing is necessary to analyze the
raw data to produce spectrums and Campbell diagrams. Since there is limited memory in
the system, data must be processed through fast enough that memory is not filled. Data
alarm detection and annunciation have specified maximum latencies.

The cost constraints on the system force the use of low cost digital signal processors

with relatively small memories. The limited space for system deployment also forces small




scale processors. The new CADDMAS numeric processor has only 32,768 words of system
memory.

The users of the system are aerospace engineers. They specialize in analyzing the stresses
inside a turbine engine to determine the operating conditions. The have little time to learn
about computer systems and lack the background to develop real-time instrumentation

applications.

Software Support for Parallel Real-Time Systems

A great deal of effort has been invested in software development environments in the past

20 years. The concepts of high level languages, top-down, structured programming, object-
oriented design, and software environments focus on the development of standard sequential
programs. These concepts, while greatly advancing digital computer systems technology, do
not address all of the issues necessary to develop parallel real-time instrumentation systems.

More recently, the parallel processing and real-time systems communities have been
working on tools for their respective areas. On the parallel processing side, abstractions
like message passing have given rise to tools such as Parallel Virtual Machine(PVM) and
Message Passing Interface(MPI) libraries. Hardware and software architectures have been
designed to implement distributed shared memory systems, such as the KSR1.

In the real-time systems camp, the focus has been on developing scheduling algorithms
and real-time kernels. Scheduling algorithms concentrate on the small scale scheduling of
tasks on a single processor to ensure specific deadlines are satisfied. Global scheduling
technologies attempt to optimize the local schedules of processors for a group of processors.

Real-time kernels abound in the research community. They vary in type, from single pro-
cessor kernels with no communication, to multiple processors with shared memory assumed
(Chimera II), to multiple processors with communications(Spring, MARS). The support for
programming is typically at a low level, forcing the programmer to control tasks explicitly.

The parallel processing community tools are insufficient to develop instrumentation sys-
tems due to the real-time nature of the application. The objective in “parallel processing”
tasks is to maximize throughput. Unfortunately, the time-criticallity of responses cannot

even be addressed.




The real-time systems community tools are also insufficient to develop instrumentation
systems due to the limitations in addressing parallel processing issues and performance.
The objective in real-time systems is primarily to meet deadlines. Throughput for any
one processor is unimportant. While the basic kernels have the necessary hooks to meet
real-time needs, the low level nature requires significant management on the programming
level. The abstractions in the tools are not sufficient to deal with large, massively parallel
systems.

We therefore need to accumulate the features of both communities, along with other ideas
to successfully attack the problems in parallel instrumentation systems. The components
developed in these areas, such as scheduling theory, can be used to accellerate development

by focusing on the new issues resulting from the combination of these fields.

Model-Based Systems
The Model-Based approach, as typified in the Multigraph Architecture, has proven to be

an extremely useful abstraction for managing complexity. In the case of parallel instru-
mentation systems, the complexity arises in both the parallel and real-time aspects of the
problem.

The Multigraph Architecture (MGA) incorporates many ideas in the areas of modeling,
program synthesis, and reactive parallel systems. The framework encourages specification
of systems in terms of hierarchical, multiple-aspect models. These models are used to derive
executable systems, described in terms of a large grain, directed bipartite dataflow graph.
The graphs are executable directly under the Multigraph Execution Environment. The
MGA has been developed with real-time, dynamically reconfigurable applications in mind.
The system is composed of three main components, the Modeling Environment, the Model

Interpreters, and the Execution Environment.

Modeling Environment

The modeling environment is composed of tools for constructing and maintaining multiple

aspect models. The models, represented by M = M[1], M[2],...M[n], the system specifica-

tion knowledge. Research has identified several critical areas in modeling, areas which are
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supported in the MGA modeling environment:

1. Multiple-aspect. hierarchical modeling, representing not only the structure of the soft-
ware to be generated, but other environmental aspects, fault diagnostic behavior,
system specifications, etc. The environment allows linkages to be created between

aspects, to aid in tracability and system generation.

2. Application specific modeling paradigms. Narrowing of details to those of the domain
restricts the possibility for areas and aids in the interpretation and checking of the
models. MGA supports the specification of domain dependent information. Research
work has been done to support meta-level tools for generation of domain-specific mod-

eling environments themselves [6].

3. Unified control discipline. The common systemwide application of control discipline
greatly simplifies the modeling process. The MGA specifies the Multigraph Compu-
tation Model, which is a large grain graph, defining the communication and triggering

of computational units.

The issues of representing real-time constraints has been addressed on the low level by [7].
High level real-time constraints and their impact on systemwide constraints are a topic of

this research.

Execution Environment

The execution environment implements the macro dataflow model across a set of proces-

sors. This set of processors appears as a unified virtual machine. The existence of this
environment greatly simplifies the interpretation of the models. Each processor represents
one or more Tasks. Tasks can, in turn, contain Environments. Actornodes, the primary com-
putational units, and Datanodes, the asynchronous data queues, are assigned within these
environments. Tasks allow the management of processors. Within an environment, only
one actor executes concurrently, allowing mutual exclusion. Environments are prioritized,
allowing some control of execution order. All tasks execute in parallel.

The actornodes have an associated scheduler state: active, inactive, ready, and running.

A script is the reentrant algorithm for the computation, expressed in a procedural language.
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Typically these scripts come from a standard library of reusable software. Actornode con-
terts allow local storage of information and allow the builder access to actornode variables.
Input and output ports represent the data inflow and outflow from the actornode. The
control discipline determines when the actor will be executed: ifall when data is present at
all input ports or ifany when data is present at any of the ports. No provision, however,
is included for control based on output queue status. Real-time actors allow the execution
of the actor to be tied to an event, which is polled by the scheduler between actornode
executions. Note that no real-time deadlines are specified or guaranteed. Actor execution
is non-preemptive. v

The datanodes provide an asynchronous queuing connection between actors. Datanodes
have a state (blocked/enabled) and a length. The behavior of datanodes that exceed the
maximum length is to discard data. Explicit specification of datanodes allows management
of data queuing memory use and some control of communications. Communications is
typically implemented in a lower layer of asynchronous message passing, offering hardware
independence and portability. (This can, however, lead to inefficiencies due to extra copying
of messages.)

The Interpreter Interface provides functions to create, monitor, modify, and destroy
computational structures on the MVM. Actornodes, datanodes, environments and tasks can
be created and destroyed. Priorities can be set for environments, actornodes and datanodes
can be placed on tasks and environments. Actornodess and datanodes can be enabled
and disabled. Actornodes can be attached to datanodes and datanodes to actornodes.
Actornode contexts can be allocated and set, and datanodes can be monitored, read, and

written.

Model Interpreters

The model interpreters perform the mapping from the models M created in the modeling

environment to the computational graph CG for the execution environment. The interpreter
can gather information from several aspects of the model in the process of generating the
executable graph. The choice of a consistent graph computational model as the target

simplifies the interpretation process.
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Multiple interpreters can be used, each responsible for interpreting a specific aspect
of the modeling. In this way, the complexity of the individual interpreters can be kept
manageable. |

During the development of the CADDMAS system, the model-based approach has been
applied with significant success. The system has been modeled from the aspects of signal-

flow and hardware architecture:

e Signal flow modeling describes the structure of the computations within the system
in a large-grain dataflow architecture. The can be represented graphically. Blocks
in the model represent computational processes. Data flows and dependencies are

represented by arcs and datanodes. (queues)

o Hardware Modeling describes the available hardware components: Processors, their
properties (memory sizes, CPU speeds, etc); Communications Links and their

speeds; and Topology of the interconnection network.

For the past MGA appllications, the Execution Environment has been based on a macro-
dataflow virtual machine defined by the Multigraph Computational Model (MCM) and
implemented by the Multigraph Kernel (MGK). This environment, while extremely useful
as a flexible research platform on large machines for general parallel processing, is too
large for the minimal cost, embedded system application. During the SFRP, the execution

environment has evolved into what we call “active processes”.

Active Processes: a kernel for low-level implementation

None of the Real-time kernels offer the flexibility, portability, and compact structure that

are needed for research in software synthesis approaches for dynamic real-time systems.
The flexible definition of abstractions for the low level layer will be critical in managing the
complexity of the synthesis layers. Consequently, a new kernel is necessary for development

of parallel instrumentation systems. The key properties of this kernel are:

o Flexible Scheduling: Static/Dynamic. Processes can monitor the state of queues to
control buffering in an application-specific manner. The message streams abstraction

can be lossy, lossless, or timed, depending upon the application process handling the
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stream. Buffers can be dropped to minimize latency, or compute can be blocked to

retain data integrity.

e Structurally Reconfigurable for adaptation to new operating modes. The schedule

modifications must be able to be implemented in stages, ensuring system consistency.

e Asynchronous Buffered Communications with Flow Control. Flow control manages
communications overload. Communications can be prioritized and/or statically shed-

uled

o Integrated Memory Management: No buffer copying for message passing optimizes

the communication interface. Minimize memory fragmentation and nondeterministic

timing for malloc/free.
e Small and Fast: It must fit on 32Kword C31.

“Active processes” fully support the previous abstraction of the Multigraph Kernel as
well as being faster, smaller, and supporting hard real-time constraints. Both “active pro-
cesses” and the MGK execution environments provide support for the MCM along with an
application specific “primitive” library whose elements are the lowest-level components of
the generated program. Details of the new “active processes” execution environment are

summarized below.

Active Processes Structure

Active Processes can be viewed as several interoperating systems:

e The Streams provide message queueing with flow control between processes on any
processor or logically adjacent(connected by a comm port) processor. Each stream

has the following properties:

1. A queue of messages, whose maximum length is a definable systemwide constant.

The queue contains pointers to messages.

2. The acknowledge queue contains a queue of acknowledge packets ready to be

transmitted to the neighboring stream.
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3. A count of acknowledge packets vs packets transmitted is used in flow control to

keep from overflowing a queue.

4. The destination communications port and destination node determine how to

transmit the data.

5. The state: Enabled/Disabled. This is useful to block data entry to a stream.
The stream can be disabled from the receiving side to prevent data overrun and

queueing.

o The Scheduler is a user definable real-time, non-preemptive scheduler. It selects the
next process to be executed and calls the process. The scheduler can use any form
of logic that fits the application, and any non-preemptive scheduling algorithm. Data
dependencies for process execution can be determined here or within the process, again,
depending upon the application preference. The current scheduler is a round-robin
scheduler, with the application processes determining data dependence. The schedule
structure keeps track of the number of inputs and outputs, along with the assigned
streams. The input/output stream assignments along with the stream destinations
define the application graph topology. The schedule structure also keeps track of the

process’s local data storage area.

e Messages contain the destination stream, the source stream, the message length, and
an error detection signature, and a type. Message types are:
1. STANDARD-MESSAGE, for regular data transmission
2. ACK, to acknowledge dequeueing of the data
3. ACK-DISABLE, to disable the stream
4. ACK-ENABLE, to enable the stream
o Channels manage the physical channels on a processor. Channels contain queues for
messages and ACK’s. A key feature with Active Processes is that the channels receive
message bodies directly into the destination buffer, eliminating the need for memory

copies. The memory manager works in concert with the channels. Memory buffers are

freed when the data has been successfully transmitted. The application sees the data
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as being automatically freed. Buffers are automatically created while receiving data.
These buffers are used directly by the application process. This contrasts other systems
where the data is copied to an internal communications buffer before transmission, to
ensure that data stays valid. and from a communications buffer into the process. In

order to avoid deadlock, the channels remain in a receiving state.

e The Memory Manager keeps track of the dynamic RAM. This mechanism is also
configurable by the user. The default manager uses a table based algorithm to avoid

the problems of memory fragmentation and nondeterministic garbage collection.

Active Processes Interface

The application interface to Active Processes is relatively simple. The functions deal with

the streams mechanism of Active Processes. They are as follows:

e long output—slot—available(long index);
Determines if there is room for another output data block. index is the index of the
output slot. This is a result of flow control between processes. This value must be

checked before sending out data.

¢ void enqueue—output(long out-index,long size, long *buf-ptr);
Sends the message, buf-ptr, to the stream connected to the output, output—index.
The buffer size is specified. The output buffer will be reclaimed by the memory
manager when the message has been successfully transmitted if the stream destination
is off-processor. Message buffers may only go to one output stream. If two destinations

are needed, the process must duplicate the buffer.

e void *get—input—slot—buffer(long index);
Checks for an input message on slot index. The return value is either a pointer to the
message or NULL if there is no message currently in the queue. Note that this does not
remove the message from the queue, but merely returns a pointer to it. Dequeueing

is done explicitly.

e void dequeue—input(long index);
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Dequeues the input from the queue. Note that no free operation is implied. Buffers

are managed explicitly by the process.

¢ void disable-input-stream(long index);
Disables the stream so that the source process cannot send output to the stream. This

can be used to explicitly disable processes.

¢ void enable—input-stream(long index);

Reenables a disabled stream.

¢ void act—comm-tick(void);
Calls the internal communications routines to ensure that data is received and trans-

mitted. This is necessary when waiting for data on processor without interrrupts and
DMA.

Conclusion

The Active Processes system has been implemented on the TMS320C40, the AEDC
TMS320C31 quad processor board, and the MSDOS/PC architectures. The implemen-

tation supports all of the features above in a flexible manner. The system is written in the
C language, in approximately 2500 lines of codé.

The system is efficient and has low overhead. The CADDMAS has been implemented
under the active, with a uniform interface across all processors, even the tiny memory
TMS320C31 fit nodes. System performance exceeds previous implementations of the CAD-
DMAS system. This is a result of the low overhead of the kernel and the bandwidth-saving

feature of communications with flow-control.
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Abstract

Simulation of turbine engines is an important part of the engine test process at AEDC. Traditionally,
these simulations have been developed in the FORTRAN language with character oriented user interfaces.
Increasing demands in terms of simulation performance, accuracy and model development time necessitate the
introduction of graphical user interfaces for these simulations. This paper describes two initial attempts to add
such user interfaces to existing engine modeling codes. Based on the experience gained with these conversions,
a universal graphical user interface is developed which promises to ease the conversion of other, similar

FORTRAN engine simulation programs.




UNIVERSAL GRAPHICAL USER INTERFACE FOR
TURBINE ENGINE SIMULATION PROGRAMS

Csaba Biegl

Introduction

An important part of the testing of turbine engines at AEDC is the development of engine models. These
are numerical simulation programs which model the behavior of the engine or some of its components
under various operating conditions. Some models are based on exact modeling of the physical (transport,
thermal and mechanical) processes inside certain engine components. Other models are less detailed
component-level simulations which try to infer overall engine parameters from the engine layout and

component characteristics.

Turbine engine models can be used for several purposes like design analysis, modeling the interactions
between the airframe and the engine, education, etc.. From the point of view of an engine test facility like
AEDC, the most beneficial use of the models is to aid the testing operations. The development of accurate

engine models is a time-consuming process which uses several possible input data sources:

e  Data, component characteristics and sometimes incomplete models from the engine manufacturer
e  Parameters inferred based on the geometry (duct diameters, etc..) and operating parameters (RPM,
etc..) of various engine components

e  Measurement data obtained from engine tests.

Typically, at the beginning of a test sequence the amount of available data does not allow the creation of an
accurate engine model. After test runs, some of the measured test parameters are used to verify and to refine
the accuracy of the models, Simultaneously, the model is also used to determine some other engine parameters
which cannot be measured in the test configuration. Thus the collection of test data and the refinement of the
model are two interacting activities which proceed in parallel during the course of a typical engine test

sequence.




Once the model has been refined to an acceptable accuracy level it can also be used to validate the test data.
A turbine engine test facility is a very complex industrial plant (wind tunnels, compressors, extensively
instrumented test cells, etc..) which must be highly reconfigurable in order to support various engine types and
operating conditions. The probability of a component failure or a misrouted connection in such a plant is quite
high. Most of the time these plant failures will manifest in invalid measurement data. Since running the engine
test facility is quite expensive, it is imperative that such plant failures be detected and corrected as early as

possible. Accurate engine models play a very important role in the validation of the test data.

To best support the testing operations the engine model has to be available online during the test periods.
Ideally, the simulation speed should be real-time or even super real-time so that events in the engine can be
analyzed (or even predicted) as they happen. Most currently used engine models do not meet this requirement.
On current single processor computers their execution speed is two or more orders of magnitude slower than
the real physical process they simulate. This, of course, also depends on the computer platform being used.
Future advances in hardware and software technology may narrow the gap. Alternatively, most engine models

could be adapted for parallel execution.

-In most test scenarios the models can be quite useful even if they cannot execute in real-time. Typical engine
tests proceed with alternating periods of relatively short (few seconds to minutes) engine maneuvers
(acceleration, deceleration, throttle snap, etc...) and longer (several ten minutes to few hours) setup periods for
the next maneuver. The engine models can be used in the setup periods to analyze and validate the data from
the previous maneuver. Many engine models execute fast enough for this kind of usage on today’s high

performance workstations.

Adequate execution speed of the model is just one requirement for it to be usable in on-line testing. It is also
necessary that the simulation be able to interact with the user in an efficient manner. This includes user friendly
model input controls and simulation result presentation. These requirements are best satisfied with a well
designed integrated graphical user interface for the engine model. The subject of this paper is the development

of such an interface. Of course, such a graphical use interface can also aid in the model development process.

Current modeling technique

Currently most of the turbine engine modeling work is done in various dialects of FORTRAN. There are

several reasons for this:




e Efficiency: although there are more modern programming languages available, FORTRAN is still one
of the best languages for fast numerical computations. It is exactly the lack of “modern” features like
pointers, etc.. which makes it relatively easy to write very good optimizing compilers for it.
Additionally, the emerging High Performance Parallel Fortran (HPPF) standard promises a relatively
easy way to create parallel Fortran programs.

e Historical reasons: most of the existing engine codes were developed on mainframes and later ported
to PC-s and workstations. On the mainframe the natural development language was FORTRAN. Later
the universal availability of the FORTRAN language made the porting easier.

o Developers: most engine models are written by aeromechanical engineers who want to concentrate on
the aeromechanical aspects of the problem instead of software engineering issues. Thus the relative

simplicity of FORTRAN is again an advantage.

Models are developed based on a few existing code libraries for simulating various components or component
interactions. The typical development process involves writing a few engine dependent subroutines and
initializing various constants, tables, etc.. with the parameters of the engine. The thus customized FORTRAN
library becomes the model of the given engine. In practice there are various versions of the same code library

customized for different engines which diverge during the lifetime of the model as changes are implemented.
The input and output of the models is typically done with formatted FORTRAN data files. Most models use
the FORTRAN “namelist” construct for parameter input. Output files are mostly just formatted tables of

numbers which have to be post-processed with stand-alone plotting programs to generate graphical output.

Requirements for the Graphical User Interface

Based on the background information presented above the design of a graphical user interface (GUI) for the

existing FORTRAN engine models must satisfy the following requirements:

e Features: the main goal of the user interface is to speed up the interaction between the human user
and the engine simulation program. This means that the GUI must provide an easy to understand
display of simulation data (plots) and it must provide a straightforward interface to control the
simulation program. Additionally, in some applications it is desirable that the simulation be interfaced

to the on-line engine test data system for providing direct input of measurement data into the model.




*  Universal applicability: due to the large number of engine models and their variants the user interface
must be easily adaptable to any FORTRAN model. Preferably this adaptation should involve only
FORTRAN programming because this way the developers of the original models could do it.

»  Portability: the user interface should be portable to PC-s running DOS and Windows, and to

workstations running UNIX and the X Window system

Software Environment

Although FORTRAN is a very suitable language for writing numerical algorithms, it is not the best choice for
writing a graphical user interface. The lack of pointers, dynamic memory allocation and structured data types
would make it very hard to code the necessary user interface elements. For this reason the C++ language was
chosen to implement the user interface. The C++ interface provides FORTRAN callable interface routines for

the model code.

The public domain AT&T FORTRAN to C (F2C) translator was chosen to compile the model codes to C. The
resulting C code is then compiled and linked together with the C++ code of the GUI. This solution was chosen

for the following reasons:

e Poruability: the native C and FORTRAN compilers of any computer system typically use different
argument passing conventions. Thus if the native compilers were used, the interface between the C++
GUI and the FORTRAN model would have to be re-examined every time the code is ported to a new
platform. By compiling the FORTRAN code first to C and observing the F2C translator’s parameter
passing conventions, the FORTRAN to C++ interface code can be the same for every environment.
(Since the C and C++ compilers always use the same parameter passing conventions.)

o  Stability: the F2C translator is a widely used program, it has been used to compile several large
FORTRAN packages successfully. It is actively supported, new versions become available several
times every year. It implements the FORTRAN 77 standard with many popular extensions (namelists,
etc..).

e  Efficiency: although it would seem that compiling a FORTRAN program first to C and then using a
C compiler to generate machine code would result in less efficient code, it is not necessarily so. Tests
on IBM PC 486 platforms have shown that the F2C output when compiled with the DOS port of the
GNU C compiler (a well known optimizing portable public domain C compiler) performed almost




identically to the Lahey FORTRAN compiler's output. The only performance disadvantage of using
the F2C translator is that the /O libraries which come with it seem to be less efficient than the IO
libraries of native FORTRAN compilers.

The DYNTECC User_Interface

The graphical user interface for the DYNTECC [1] program was the first interface developed for FORTRAN
engine models. Although the development of this interface started before this summer program, it should still
be reviewed here because if was completed during this period, and this work influenced the design of future
interfaces discussed later. DYNTECC is a one-dimensional compressor simulation program. It divides the
compressor into several control volumes and solves the basic transport and continuity equations for each

volume.
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A typical DYNTECC user interface screen can be seen in Figure 1. The interface supports one-dimensional
plots of time history data or parameter versus parameter plots. Plots can be created from FORTRAN output
files produced during previous runs or interactively, using the DYNTECC code linked into the interface. In
the second case the plots are updated on-line as the simulation progresses. The interface supports four on-screen

plot regions, each of which can be configured to display any of the available simulation parameters.

The user interface has hard copy capabilities as well. Individual plot regions can be printed on a variety of
supported printer types (several laser, ink jet and dot matrix printers), or a dump of the whole user interface
screen can be made into a graphics bitmap file (PCX format). The screen dump can later be included into

documents or presentations.

On the input side, the user interface supports the editing of the various FORTRAN namelists which make up
the input file DYNTECC uses to control the simulation. This is done using a hierarchy of menus, the first of
which selects the namelist to edit, and the second selects the edited field. On-line help is available for each

of the menu choices.

The DYNTECC user interface has been implemented using SUIT [2], a portable user interface toolkit
developed at the University of Virginia. The original DYNTECC FORTRAN code is compiled using F2C when
linked with the interface. (Command line versions of DYNTECC are still compiled with the original, native
FORTRAN compiler.) The interface is available, and has been used on several platforms, including IBM PC-s
running both DOS and Linux and Hewlett Packard workstations.

The ATEST/SCIDNT User Interface

The second graphical interface was developed for a modified version of the ATEST [3] engine modeling code.
ATEST is a large grain component level simulation of the whole engine which tries to predict overall engine
characteristics based on component models and interactions. ATEST models are configured by specifying the
engine components and their interactions and parameters (compressor or turbine maps, scale factors, etc.).
Typically, the building of an ATEST model is an iterative process in which the parameters of the model
components are refined until the desired accuracy is reached. Recently an attempt was made to try to automate

this process by integrating the identification package SCIDNT with ATEST. In this setup SCIDNT tries to




adapt a few key engine model parameters based on simulation run results and selected measurement data

records.
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Figure 2.

A typical ATEST/SCIDNT user interface screen can be seen in Figure 2. The user interface has similar services

as the DYNTECC user interface described above, but with a few important additions:

e Parameter classes: Unlike the DYNTECC interface which operates with only one kind of data for
every parameter (i.e. the current simulation results), the ATEST/SCIDNT interface supports several
kinds of values for every parameter. This is necessitated by the adaptation mechanism, since the user
may want to examine plots of the same parameter from several sources including measurement data,
unadapted and adapted model runs. Additionally to the three parameter classes mentioned above, two
more classes are supported: design point values and adaptation histories. Design points are nominal

values of certain parameters which are available in the ATEST model. Sometimes their inclusion in
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the plots can serve as a reference point. Adaptation histories are records of engine model parameter
during the SCIDNT adaptation run. They can be used to analyze the progress of the adaptation process
and possibly select more suitable adaptation parameters or gain factors.

*  Multiple plots per plot region: The ATEST/SCIDNT interface supports plots of multiple parameters
or different records of the same parameter in the same plot region. Each parameter will be plotted
against the same independent variable (the default is time), but the parameter class of the independent
variable will be matched against the class of the variable on the Y axis. For example, if parameters
"P1" and "P2” are plotted versus time in the same region, and "P1” is, say, a measured variable while
"P2" is a simulated variable, then the X axis will be scaled in time, and the plotted time interval will
be the union of the available simulated and measured time points.

*  Handling of custom FORTRAN file formats: unlike the DYNTECC interface which, when plotting from
results of previous runs stored in files, can input only raw FORTRAN output data (i.e. a table of
numbers without page, column or row headings), the ATEST/SCIDNT interface can read formatted
FORTRAN data. The interface incorporates a set of customizable file scanner library routines which
are capable of parsing various formatted FORTRAN output files. This code can also extract parameter
names from the files while skipping page headers and other irrelevant information. Adapting this
library to a new FORTRAN data file format typically requires writing a short (10 .. 20 lines)
subroutine.

*  Minor improvements: these include support for different screen configurations (instead of the
DYNTECC interface’s fixed four window configuration, the user can select configurations with one
to sixteen plot windows), a simulation screen window to display the messages originally printed by
the FORTRAN model on the console and the capability to run external (i.e. not linked into the

interface) models and then scan the simulation results from the produced data files.

The ATEST/SCIDNT interface was written in C++, using interface elements (buttons, scrollbars, etc..) which
were adapted from public domain toolkits (so called “widget” sets) or implemented from scratch when
necessary. The SUIT user interface toolkit used for the DYNTECC interface was not used because of size and
efficiency concerns. (SUIT programs, although portable and relatively easy to write and configure, are quite
big and slow when compared to user interfaces written using other toolkits,) Writing new widgets was
necessary because none of the commercially available “portable” toolkits cover all of the targeted platforms
(DOS graphics, Windows and the X Window system) -- at least not without unacceptable restrictions (like

limiting the compiler choices under DOS and Windows or requiring a Motif license for workstations).




The first version of the ATEST/SCIDNT interface has been implemented during the summer program.
Although it is currently in use by AEDC personnel, it has not been completed to the same level (for example,
there is no built-in help) as the DYNTECC interface (which is now used by several other sites besides AEDC).
The reason for this is that based on the DYNTECC and initial ATEST interfaces it was possible to identify
the requirements for a universal graphical user interface library for engine modeling. It is anticipated that both

the DYNTECC and ATEST interfaces will be re-implemented using this library.
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Figure 3. Components of the Universal Interface

The Universal Simulation User Interface

Based on the preliminary DYNTECC and ATEST/SCIDNT work a new graphical user interface library for
turbine engine modeling was designed whose main goal is to provide universal support for converting existing
FORTRAN models. It is anticipated that this conversion will be performed by FORTRAN programmers who

write or maintain the models. For this reason the library was designed such that the necessary aspects of the
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user interface configuration can be performed from FORTRAN code. Most components of the library originate
from the ATEST interface described above. The main components of the new interface design, which can be

seen in Figure 3., are:

*  Plot Database: this data base contains records of simulation variables generated either by loading
FORTRAN data files or by running the linked in FORTRAN model code (if any). The data base can
be searched by parameter names and classes. Each parameter can have several data records associated
with it which are keyed by class. The Plot Database also provide FORTRAN callable subroutines for
entering data during a simulation run. In this mode plots are updated on-line as the simulation

progresses.

*  Plot Engine and FORTRAN Plot Interface: this component is responsible for generating the plots
which are displayed in the plot windows of the user interface. A slightly modified version of the well-
known GNUPLOT plotting program was used for this purpose. The Plot Engine operates in either of
two modes: it can plot data from the Plot Database or display data furnished by a FORTRAN
subroutine through the FORTRAN Plot Interface routines.

¢ Data File Scanners: the interface provides the capability to scan a few standard FORTRAN data file
formats. These include binary data files and horizontally or vertically tabulated formatted tables with
or without parameter name headings. Most FORTRAN programs generate output files which are some
variants of these formats for printing purposes. For more customized file formats it is possible to write

FORTRAN routines for the given file layout using the services of the scanner library.

o Simulation User Interface Core: the interface core contains the various screens, panels and menus the
user interacts with. The interface core is responsible for coordinating the operations of the other
components. It selects the plot window layout, assigns parameters from the Plot Database to the
various plot windows for display, configures the plot windows, etc.. Most of the core services can be
invoked via the top-level pull-down menu of the interface. The basic layout of the interface can be
seen on Figure 4. This layout can be extended by calling FORTRAN entry points from the user
interface library during the startup phase of the program. Customization options include:

1)  Specifying the title of the application displayed on the top of the screen.




2) Registering FORTRAN namelists with the built-in editor of the interface. This editor supports
the editing of arbitrary text files. However, when it is used for editing FORTRAN input files
which contain namelists whose definition has been registered with the interface, the editor will
automatically switch to a namelist editing menu for the corresponding section of the file.

3) Registering FORTRAN subroutines which are the entry points of the simulation model. This
way these routines can be invoked from the user interface via the “Run” pull-down menu.
Initially, this menu contains only one option: to run an external program.

4) Registering data file scanner FORTRAN routines. These will appear as new choices under the
“Data” pull-down menu. Initially, this menu contains only the file formats for which there is
built-in support in the interface.

5) Registering the names of the data files which are used by the model. These appear under the
"Data” and "Edit” menus and can speed up the usage of the interface, since the user will not

be prompted for file names.

o  User Interface Toolkit and Low-level Graphics: the same components are used as in the ATEST
interface. Full screen protected mode DOS and UNIX X Window environments are currently
supported. The Windows version will probably be postponed until a true 32 bit Windows (Chicago)

is available. Until then the full screen DOS version can be used under Windows as well.

The user interface can be also be used as a stand alone program without integrating it with a FORTRAN
model. In this case the simulation can be executed as an external program and the result files are read into the
interface and plotted. Only the generic text file editing and plotting capabilities of the interface are available

in this case, but even this limited support may be very useful for longer simulation experiments.

The next possible phase of the FORTRAN simumation code integration is the customization of the interface
with the namelists, file names and file formats used by the model, but still running the actual model as an
external program. This requires a small amount of new FORTRAN code, but allows the creation of a fully
customized interface for the model. The advantage of this solution is that the model codes do not have to
recompiled with F2C. The disadvantage is the lack of on-line plots during the simulation run, since plots are

available only after the external program terminates and its output files are scanned into the Plot Database.

If on-line plots are needed then the model's FORTRAN code has to be fully integrated into the interface. This
requires recompiling with F2C and modifying the FORTRAN code in a few places. Typically, modifications
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are necessary because most models were written with the assumption that the code will run only once. This
assumption allows shortcuts like not closing files on program exit, overwriting initialized data, etc.. If the
model is linked into the user interface then it can be executed several times during the course of a simulation

study. In order for the model to run successfully several times and produce identical results, the aforementioned

shortcuts have to be identified and fixed.

Jro plot &

Figure 4. An Example Universal Interface Screen

Conclusions and Future Work

The interfaces developed during the course of the summer program have significantly enhanced the capabilities
of existing FORTRAN turbine engine models. One of the simulations with new a interface (DYNTECC) has
actually been distributed to several test sites, and it has been well received. The new universal interface

designed during the program promises to unify the existing applications. Its implementation together with the
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conversion of the existing DYNTECC and ATEST interfaces is nearing completion. However, the real test of
the approach will be when the original FORTRAN programmers of the models will attempt to equip their

program with a graphical user interface without the support of a C or C++ programmer.
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Abstract

This report summarizes an eight week investigation aimed at providing suggestions for making
improvements to a dynamic engine code called ATEC (Aerodynamic Turbine Engine Code) in the area of
modeling the transient behavior of gas turbine combustors during poststall dynamic events. The paper
will consist of a brief literature review of computational modeling of gas turbine combustion in general,
followed by a discussion of some of the key physical issues dealing with poststall combustor dynamics as
well as previous efforts directed towards modeling this phenomena specifically detailing a Pratt &
Whitney developed transient combustion code called TRANSI. A summary of the current status of the
ATEC project, with particular emphasis on how the combustor is modeled, will be provided. Then a
suggested course of action is proposed to improve the combustor model. Preliminary developments on a
transient combustion computer code are discussed and future improvements and directions for
development and application are outlined.




TOWARDS THE COMPUTATIONAL MODELING OF
POSTSTALL GAS TURBINE COMBUSTOR DYNAMICS

Steven H. Frankel

Introduction

The gas turbine engine is one of the most reliable and widely used devices for generating mechanical
power as evidenced by its successful use in aircraft propulsion, naval power and industrial power
technologies. Engine improvements focusing on higher efficiencies and lower pollutant emission levels
over the full rangé of operating conditions, including off-design, continuously present new challenges to
the designer. Often, gas turbine engine modeling is done on a component by component basis, ignoring
the dynamic interactions between the compressor, combustor and turbine, or if a full engine model is
employed it focuses on design operating conditions. Recently, there have been considerable efforts
directed towards dynamic modeling of the entire engine (Schobeiri, 1993; Hale and Davis, 1992). These
models have been very successful in modeling the compressor and turbine dynamics through the
implementation of experimentally obtained maps of component behavior under a variety of operating
conditions including off-design. Modeling of the combustor has been restricted to simple heat release
models.

Over the past 50 years there have been numerous efforts to model gas turbine combustor behavior
(Levebvre, 1983). Physical models and numerical techniques have primarily been developed for the
simulation of steady flow in combustors (Correa and Shyy, 1987) with particular emphasis in the past 20
years on engine pollution (Mellor, 1976; Gupta and Lilley, 1994). One of the key stumbling blocks in
modeling dynamic engine behavior has been the lack of knowledge of transient combustion phenomena or
more specifically poststall combustor dynamics (Przybylko, 1985). This lack of understanding has
manifested itself in simple modeling approaches which do not account for the key combustor physics
(Davis, 1986; Clark and Green, 1990). Thus there is a strong need for models which can account for

some of the transient features of gas turbine combustors.



Background

Gas turbine combustion chambers involve complicated three-dimensional, two-phase, radiating turbulent
reactive flows. As such their modeling is an extremely difficult task and usually many simplifying
assumptions are made to make the problem more tractable. These assumptions depend upon the type of
information of interest. Computational models have been very useful in complementing experimental

studies for engine design (Rizk and Mongia, 1994).

There are two main types of computational modeling approaches that have been used to model steady state
combustor behavior. These have been labeled the modular approach and the continuum approach (Mellor,
1976). The modular approach envisions the combustion chamber to consist of a network of chemical
reactors. The type of reactor chosen depends on the region of the combustor being modeled. For example,
primary zone behavior has been modeled using a well-stirred reactor which assumes that mixing is
instantaneous. Detailed kinetics mechanism have been used to determine the composition leaving the
reactor. These models have been successful in providing information on pollutant emissions under ideal
mixing conditions. Continuum approaches involve the use of Computational Fluid Dynamics (CFD) to
solve the equations governing combustion behavior. They typically employ a two-equation turbulent
model and a fast chemistry/assumed probability density function combustion model (Correa and Shyy,
1987).

Unsteady combustion is important in several different aspects of gas turbine combustor behavior. This
includes the aforementioned poststall combustor dynamics, which is the topic of this study, acoustic
interactions in afterburners or ramjet engines (Sterling et al., 1987; Kailasanath, et al., 1987; Jou and
Menon, 1986), and flashback phenomena in lean premixed-prevaporized low NOx combustors (Mularz,
1979; Tacina, 1990). In order to study unsteady combustion time dependent simulations of the governing
equations are necessary. Unfortunately, in order to simulate realistic turbulent reacting flows the
computational resources necessary to resolve the wide range of length and time scales that exist in such

flows are beyond current computational means (Givi, 1989).

Poststall Combustor Dynamics

Airflow instabilities occurring within the compressor of a gas turbine engine lead to several important

dynamic phenomena. These are called surge and stall. Stall refers to separated flow occurring on one or

more of the compressor blades. Typically, stall on a single blade tends to stall the adjacent airfoil which

leads to a phenomena termed rotating stall. This localized instability rotates relative to the rotor blades in

the opposite direction of the spool rotation. This can occur in several stages of the compressor. Surge, on
44




the other hand, involves an entire circumferential flow breakdown usually characterized by bulk flow
reversal. Both surge and stall phenomena lead to compressor-combustor interactions and some interesting

dynamic behavior (Przybylka, 1985).

The purpose of the combustor is to oxidize the fuel in order to provide heat to the airflow raising its
kinetic energy to produce thrust. The key objective is to convert all the chemical energy of the fuel to
thermal energy with a minimum pressure loss. The combustor receives air from the compressor which
has been slowed down by a pre-diffuser, again with minimum pressure loss. The dump region which
follows, stabilizes the flow further. The majority of the air enters the primary zone where fuel is injected,
vaporized and mixed with the air. Stoichiometric combustion occurs in this zone with most of the fuel
being burned. In the secondary zone, which follows the primary zone, additional air is introduced to
complete the burning process as well as to cool down the combustion products to temperatures nearer to
what the turbine blades can withstand. This may be followed by a dilution zone which, using more air,
further adjusts the exhaust gas temperatures to provide a more uniform temperature distribution for the
turbine. The design of these zones is dictated by increased combustion efficiency, low pressure loss and
minimum pollutant emissions. For further details on gas turbine combustion please see the excellent text

by Lefebvre (1983).

The above scenario occurs under normal, steady operating conditions. Compressor dynamic events, such
as surge and stall, can affect combustor performance in a variety of ways. During a compressor surge the
breakdown of flow leads to a sudden drop in pressure. The combustor feels this pressure drop which may
lead to reversal of flow out of the primary zone and into the compressor. Under this scenario the
combustor may experience a rich blow out. Relighting of the engine in order to attempt recovery may be
difficult due to the fuel rich conditions that may develop during the surge event. The sudden low
pressures can also vaporize the liquid fuel in the fuel nozzle resulting in poor spray quality (Przybylka,
1985). Because these compressor instabilities are of an oscillatory nature they may lead to a situation of
repeated blowout and reignition in the combustor. Another important consequence of a surge event is that
during flow reversal higher compressor inlet temperatures may be experienced which reflect the
temperature rise due to compression and work during reversal (Davis, 1986). Then during a
reacceleration higher temperature air is now compressed leading to higher combustor inlet temperatures.
If reignition occurs before the high temperature air is passed through the combustor, higher combustor
exit temperatures may prevail. This will lead to higher turbine blade temperatures which may be beyond
the material design temperature and could cause engine failure. It is also possible for fuel to enter the
compressor during flow reversal leading to possible autoignition of the fuel. This could lead to flame
appearing out the front of the engine. Modeling these dynamic phenomena is important in order to gain a
better understanding of turbine engine behavior.
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Modeling Poststall Combustor Dynamics

There have been very few reported attempts at modeling poststall combustor dynamics. An effort by Pratt
and Whitney, in conjunction with the Air Force, is one of the more recently published attempts (Clark and
Green, 1990). Their approach invokes a quasi-steady-state assumption employing empirical correlations
to model fuel evaporation, flame stability, autoignition and combustion efficiency (Lefebvre, 1983). A
detailed model of the in-nozzle fuel vaporization process was included because one of the main focuses of
the study was fuel effects on combustor dynamics. Time dependent data at the entrance to the combustor
is provided for total pressure, temperature and mass flow rate. From this input information a combustor
loading parameter is computed (see Lefebvre (1983) for discussion of the loading parameter and how it
aids in determining combustor efficiency). With the loading parameter determined, combustion efficiency
is computed which then determines the heat release and subsequently the combustor pressure and
temperature. It is the time dependent behavior of the combustor pressure which is of interest during
poststall events. The code constructed based on the above model description is called TRANSI and more
details with emphasis on the treatment of the combustor can be found in several references and are

summarized in the appendix of this report.

Various tests were conducted with the model which corresponded to an experimental study of transient
combustion conducted in conjunction with the model development work (Rosfjord et al., 1988). These
tests consisted of providing the model different schedules for air flow, fuel flow, inlet pressure and
temperature to simulate different dynamic events, in particular surge and rotating stall. Key quantities
such as combustor pressure and temperature are monitored as a function of time for evidence of combustor
blowout. When the inlet pre-diffuser pressure is below the combustor pressure a reversed flow condition
is specified simulating a compressor surge. Mentioned in the final report are several drawbacks of the
current TRANSI model. The most important drawback is the quasi-steady assumption, that is, employing
combustion correlations which were developed for steady flow and using them in an unsteady situation.
Also the lack of any sort of transport within the combustor, convective or diffusive, laminar or turbulent,
leads more or less to a perfectly stirred reactor scenario and limits the type of phenomena that can be
simulated (Caron, 1991).

The aim of the current eight week investigation into poststall combustor dynamic modeling was to assess
the state-of-the-art in transient combustor modeling in the search for the best approach in order to
improve the current combustor modeling capabilities in the dynamic engine simulation code ATEC. A
brief description of the ATEC code is provided next with particular emphasis on the current combustion
model employed in the code.
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ATEC

The current version of the ATEC code is a modification of a code called DYNTECC (Dynamic Turbine
Engine Compressor Code) (Hale and Davis, 1992). The code employ a quasi-one-dimensional, time-
dependent compressor modeling technique which involves the solution of the compressible Euler
equations with turbomachinery source terms. Basically, the entire engine is divided into a number of
individual control volumes along the one-dimensional domain (see Figure 1). Within the compressor
each control volume represents a stage of the compressor, that is, a rotor/stator pair. The key feature of
the compressor modeling technique is the manner in which the turbomachinery source terms, representing
the axial force distribution, the heat transfer and the shaft work, are modeled. This is achieved by
employing experimentally and theoretically determined stage characteristics for the compressor under
study over its entire range of operating conditions. These stage characteristics take the form of plots of
normalized pressure and temperature coefficients versus local mass flow rate. Details of the compressor
modeling procedure can be found elsewhere (Davis, 1986). A similar modeling approach has recently

been employed for the turbine (Garrard, 1994).

ATEC currently models the combustor by dividing it into a number of control volumes (see Figure 2). A
fuel flow rate to the combustor is specified which, together with the air flow rate determined by the
solution to the Euler equations, an equivalence ratio is computed. This combustor equivalence ratio,
together with the lower heating value of the fuel provides a measure of the total heat release and hence
temperature rise through the combustor. This heat release is evenly distributed throughout the combustor
control volumes and appears as a source term in the energy equation. Secondary air is brought in
downstream of the fuel injection point in order to cool the heated air in preparation for the turbine. Fuel
flammability limits taken from empirical data are incorporated as well as autoignition criteria to
determine whether combustion is occurring within the chamber. A recent modification to include an
empirical correlation which accounts for a reaction rate controlled combustor efficiency was added
(Lefebvre, 1983). Previous work has demonstrated the capability of the model to study the effect of
combustion on post-stall behavior (Davis, 1986). Simulations were conducted of a nine-stage, high
pressure compressor model with a representative combustor. Blowout and reignition of the combustor
during surge cycles was observed to actually sustain the surge event (see Figure 3 for a typical result). It
was also observed that if a portion of combustor fuel is drawn into the compressor and burned during flow
reversal, the compressor inlet will experience a more elevated temperature during this process than would
be observed without combustion. If the combustor stays lit during rotating stall, the combustor exit
temperature may exceed the design limit of the turbine even if a 50% degradation in combustor efficiency

is assumed.



Transport of fuel is not accounted for within the model, thus during surge events, with the accompanying
flow reversal, the model is currently not capable of simulating the possibility of flame propagation
upstream of the combustor. Previously this was studied by forcibly injecting fuel upstream of the
combustor inlet to simulate this backflow phenomena. Also simulations accounting for combustion
efficiency degradation during dynamic events are not possible in the context of the current model. The
primary goal of the present investigation is to suggest possible ways to improve the current modeling
capabilities to be able to dynamically capture the fuel flow reversal and the degradation of combustion
efficiency which may accompany a surge event as both these phenomena may lead to combustor blowout
(Davis, 1986; Davis, 1994; Garrard, 1994). Discussions along these lines are provided in the next

section.

Current Transient Combustor Model Development

In order to improve the combustor modeling capabilities of the ATEC code several factors should be taken
into consideration. First, any modifications to improve the combustor model in ATEC should be
consistent with the current modeling technique utilized in the rest of the engine, that is, a time-dependent
solution of the one-dimensional Euler equations. Second, computational efficiency is a factor as it is
desired to run the code on a personal computer. Third, the improvements to the physical model should be
guided by the particular physical phenomena of interest. This includes bulk fuel dynamics and
combustion efficiency. Thus it does not appear necessary, nor is it possible, to model a complex three-
dimensional, viscous, heat conducing turbulent reacting flow in the limited context of a one-dimensional,
unsteady, inviscid flow model. Obviously, a great deal of the physics occurring within the combustor
must be sacrificed in order to remain computational consistent and tractable within the context of the
ATEC code. The physics retained should be just enough to hopefully provide the needed insight. Based

on this discussion the course of action outlined in the following paragraphs is suggested.

A transient combustion computer code called TRACC (Transient Combustor Code) is proposed to be
developed which solves the quasi-one-dimensional, time-dependent Euler equations coupled with
transport equations for the thermochemical variables of interest. A two-step chemical kinetics scheme
involving a partial oxidation of the fuel to CO and H:20 followed by a CO oxidation step will be
employed (Westbrook and Dryer, 1982). The choice of finite rate chemistry is motivated by the desire to
simulate ignition and extinction events, while the choice of two-step chemistry is based on a tradeoff
between simulating combustion efficiency degradation and computational efficiency. In the current
formulation transport equations for the mass fractions of the fuel and carbon monoxide will be solved as
well as an equation for the mixture fraction. These variables, together with atom conservation, are
sufficient to determine the mass fractions of the other species. The choice of employing the mixture
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fraction approach is motivated by the eventual desire to extend the current formulation to two dimensions
together with a turbulent subgrid model (Bilger, 1980). Gaseous propane is selected as the fuel because
many of its combustion characteristics are similar to vaporized JP fuels and an adequate reduced kinetics
mechanism is available compared to higher hydrocarbons (Lefebvre, 1977; Sloan et al., 1994). Thus an
infinitely fast fuel evaporation rate is assumed. In the one-dimensional context we are effectively
assuming infinitely fast radial mixing and in the inviscid limit we do not account for molecular diffusion.
This is equivalent to treating the turbulent mixing process as quasi-laminar, that is within a computational
grid cell, local molecular homogeneity exists. Thus the time required for large-scale turbulent mixing
between the fresh air and the recirculating burned products, as well as the time required for the turbulent
cascade from the large scale scalar ficld down to the small scale molecular level, to occur is zero. Since
we are not presently interested in making quantitative predictions of pollutant emissions or reacting
species profiles within the combustor this gross neglect of mixing is deemed adequate. Note that the
current formulation provides a convenient framework in which to make further improvements to account
for molecular diffusion, multi-dimensional mixing and turbulent mixing effects through submodel

additions.

One of the main difficulties in modeling a gas turbine combustor in one-dimension is related to flame
stabilization. In gas turbine engines compressor air flow velocities are usually much largef than
combustor flame speeds. In order to stabilize a flame it is necessary that the local flame speed and the
local flow velocity be equal at one point in the flow. Typically this is achieved by decreasing the local
flow velocity by introducing a recirculation region in the primary combustor zone. This also has the effect
of increasing the local turbulence levels which enhances the local flame speed. In actual combustors this
recirculation zone is created either through the use of air-flow swirlers, bluff-bodies or opposing jet flows.
In a one-dimensional formulation it is needed to mimic this effect otherwise the fuel injected in the
primary zone will burn with the air and the flame will blowoff and be swept downstream and carried out
the combustor. In stirred reactor modeling efforts this difficulty was alleviated somewhat by employing
two reactors in parallel to model the primary zone (Hammond and Mellor, 1971). The first reactor
receives the air and fuel. Part of its products are recirculated back through a second reactor mimicking
the effects of a recirculation zone. This approach will be investigated in the current model. Another
flame stabilization approach which will also be pursued is as follows. A fraction of the mass flow
entering the primary zone will be bled off and re-injected just downstream of the fuel injector with zero
momentum and thus act to decrease the axial component of momentum. This idea is based on the
opposed jet stabilization concept which involves the use of an opposed jet flow to induce a recirculation
zone within the primary zone. The amount of stabilizer air will be chosen to create a situation within the
primary zone where the primary zone flow velocity is near the laminar flame speed of the mixture leading
to a stable flame. This flame stabilization problem is a key issue and introduces some interesting
49




modeling questions that will require further study during this research project. The geometry of the

combustor will now be detailed.

The geometry of the combustion chamber is specified by the area variation along its length. It consists of
a prediffuser section followed by the primary and secondary zones of the combustor. The pre-diffuser air
flow is split into a primary zone flow and a liner flow which surrounds the main combustor. The liner
flow is then split into a stabilizer flow and a secondary air flow. Fuel injection in the primary zone and
air injection in primary and secondary flows are achieved by including non-zero source terms in the
appropriate transport equations at user-specified locations and with user-provided rates. Ignition is
modeled in an approximate manner by adding internal energy to the fluid in a set of control volumes
whose location and rate of addition can be specified by the user (Winowich, 1990). It is proposed to test
the model in a stand-alone application before implementing it into ATEC. In order to simulate poststall
conditions several features of the code are proposed. Time dependent variations of airflow rate, fuel flow
rate, inlet temperature and pressure can be specified to simulate rotating stall events. In order to simulate
a surge event a valve is located just upstream of the prediffuser section. The purpose of this valve is to
induce a reverse flow within the combustor. This is analogous to the surge valve in the transient
combustor experiments of Rosfjord et al. (1988). They report that under conditions of high combustor
pressure, low air flow rate and the surge valve open, allowing an airstream bleed, reversed flow was

induced within the combustor. A similar scenario is expected to be observed in the computer model.

A computer code was written by the PI during his summer 1994 stay at AEDC as part of the AFOSR
Summer Faculty Research Program to begin work on the above proposed tasks. A MacCormack’s method
solver was employed. The code was not completed during the stay but was tested under some simple
situations and it was found that the numerical scheme introduced non-physical oscillations in the flow
variables and was deemed unsuitable for the current applications. Therefore, it is proposed to modify the

solver in the presently underdevelopment transient combustor code as part of this project.

The governing equations will be solved with a flux-difference splitting scheme to be consistent with the
current solver employed in ATEC. This scheme is known to avoid spurious oscillations in flow variables
near discontinuities (shocks and contact surfaces). In the dynamic engine model there are typically no
shocks present, but there are discontinuities across control volumes due to sinks and sources of mass,
momentum and energy. These could be caused by bleed flow, compressor work, fuel injection, spark
ignition and chemical heat release. A recent study by Lindau and O’Brien (1993), implementing a
number of different numerical schemes, found that a Roe flux-difference splitting algorithm with Runge-
Kutta time integration was the most robust scheme for incorporation into a ATEC-like compressor flow
solver. Since the current transient combustor code will be implemented into ATEC the numerical solvers

should be consistent. Recent progress in applying flux-difference splitting schemes to multi-component
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chemically reacting flows makes this an attractive research direction to pursue (Larrouturou, 1991;
Frankel, 1991; Ton et al., 1994).

TRACC will be exercised in a series of stand-alone tests designed to simulated different dyanmic
conditions that may be encountered in an actual gas turbine engine. This will be done to characterize and
quantify the different combustor behaviors capable of being simulated with the code. These transient
combustor tests will mimic the type of combustor rig testing commonly used in dynamic engine test
programs (Caron, 1991; Burwell and Grant, 1985). These tests will be summarized here with more
details provided in Caron (1991).

1. Monotonic Transients: Steady state operation of the combustor is achieved. This is followed by a ramp
down of the fuel flow keeping the inlet air flow and temperature constant. The fuel flow rate at which
flame extinction occurs is recorded and steady state behavior is resumed at the lower fuel flow. Data from
this steady state lean blowout test will be presented in the form of plots of combustor pressure and

temperature versus time throughout the engine.

2. Oscillatory Transients: Airflow is supplied to the combustor in an oscillatory manner quantified by a
mean flow rate, amplitude and frequency. These tests are to simulate rotating stall phenomena. The fuel

flow rate during these tests will be held constant.

3. Surge Transients: An initial steady state begins this test. The surge valve is opened and closed at some
characteristic frequency in an attempt to induce reversed flow within the combustor simulating a deep
surge event. Pressure and temperature are monitored for evidence of combustor blowout, reignition or
both.

1t is felt that these tests will serve several purposes. They will provide stringent tests of the numerical
algorithm under the type of conditions likely to be encountered in ATEC. They will highlight the
capabilities of TRACC in simulating dynamic engine events in a stand-alone mode while providing
insight into how the model will perform when fully implemented into ATEC.

Suggested Improvements and Possible Future Directions

In any numerical modeling study there are tradeoffs between accuracy and efficiency. There are several

advantages and disadvantages to the presently proposed approach for modeling poststall combustor



dynamics. A brief discussion of the tradeoffs involved as well as some suggestions for improvements and

future directions is presented next.

There are several advantages of going with time-dependent species equations. One immediate advantage
is that some aspects of the unsteady behavior are captured. Accounting for bulk transport of the fuel will
also allow for fuel to flow upstream during flow reversals events thereby simulating some of the important
dynamic effects of surge on combustor behavior. The effect of combustion efficiency degradation on the
amount of heat released is directly affected by poststall dynamic events and through the inclusion of finite-
rate chemistry will not have to be treated in an ad hoc manner as in the current ATEC code. There are
also several disadvantages of accounting for species transport and chemical kinetics. While the bulk
transport of the fuel is accounted for it is done so in only one-dimension and none of the fluid dynamic
mixing behavior in the combustor is captured. Obviously at least a two-dimensional formulation is
desired to capture some of the mixing effects and to better handle the recirculation zone problem. In the
current formulation two additional partial differential equations need to be solved, which if incorporated
into ATEC, will substantially increase the overall computational time of the code. Also the coupling
between the chemistry and the fluid dynamics requires special numerical treatment as discussed in the
previous section. In the inviscid context there is no mixing accounted for so basically the fuel and air
assumed mixed at the molecular level if they exist in the same control volume. There is surely no
accounting for turbulent mixing effects. Keeping in mind the restrictions placed on the model and the

goal of being consistent with the current formulation the above tradeoff is deemed warranted.

In order to numerically simulate the time dependent nature of a complicated gas turbine combustor it is
necessary to solve the equations governing the turbulent reacting flow physics employing enough grid
points to resolve all the length scales associated with the flow. These length scales range from the largest
scales associated with the combustor geometry down to the smallest scales associated with the molecular
processes of diffusion and chemical reaction. This is an impossible task with the computational resources
currently available and not desirable in the context of the current modeling effort. This approach is often
referred to as Direct Numerical Simulation or DNS (Givi, 1989) and is only useful for the study of simple
geometry flows at low Reynolds numbers, because under these conditions the range of length scales is
resolvable but only on large supercomputers. An alternative approach which attempts to overcome the
computational limitations associated with DNS is called Large Eddy Simulation or LES. In the LES
approach only the large scale physics are captured on the numerical grid and any physics which occurs at
scales smaller than the computational grid scale are modeled. These so called subgrid models must
accurately account for the detailed interactions between the three distinctly different physical processes of
turbulent convection, molecular diffusion and chemical reaction down to the smallest scales of the flow.

This is a difficult task because the behavior of small scale reacting turbulent flows is not well understood.
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There have been several attempts recently to account for these processes with different subgrid models
(Menon et al., 1993; Frankel et al., 1993; Ryden et al, 1994) each meeting with varying degrees of

SUCCess.

It is feasible to interpret the inviscid computation of dependent variable transport equations as a pseudo-
LES where each flow variable represents a space-filtered value, that is, a local control volume averaged
value. In this context an ad hoc turbulent viscosity could be included to represent the enhanced small
scale mixing due to turbulence. One of the main difficulties in applying the LES approach to reacting
flows stems from the still unresolved issue of closure of the filtered nonlinear chemical source term. One
of the more promising approaches which may be applicable here is the use of the Eddy Dissipation
Concept (EDC) of Magnussen (1985) which was recently recast in the context of LES and applied to the
two-dimensional simulation of a bluff-body stabilized premixed turbulent flame (Ryden et al., 1994).
EDC is a general model for dealing with turbulence-chemistry interactions in flames which models the
subgrid reacting turbulence as a perfectly stirred reactor. In doing so EDC arrives at an expression for
the filtered reaction rates which involves a choice between the smaller of the Arrhenius controlled reaction
rate and turbulent mixing controlled reaction rate. Its implementation does require some information in
regard to the local turbulent mixing environment which in the context of the current modeling effort
would have to be empirically specified. The incorporation of a detailed turbulent mixing model would not
be necessary for providing the type of information desired here but would be imperative if one was
interested in predicted the effect of engine transient behavior on pollutant emissions such as NOx. This

issue is addressed next.

Aside from the above suggested improvements, the code as proposed will be capable of simulating some of
the important bulk fluid dynamic-thermochemical interactions which are prevalent during poststall
events. In particular the qualitative effect of surge on combustor performance can be nicely captured.
One potentially important impact that the ATEC code with the new combustor model can make is in the
area of flashback in lean-premixed-prevaporized (LPP) combustor (Lefebvre, 1977). As mentioned,
during a surge event bulk engine flow reversals may occur which could lead to flame traveling upstream.
A fuel-air premixing section could be added to the engine and the mixture ignited in the main combustion
zone. The stability of the flame in response to compressor instabilities could then be studied. This code
would provide us with an unique tool to actually install an LPP combustor to an already existing engine,
say an F100 turbofan, and consider the effect of its integration and interaction with the rest of the engine.
Possible design changes could then be investigated. For example diffuser design modifications in order to
quell the effect of off-design compressor airflow could be assessed. There have been some experimental
studies to investigate the effects of flow transients on LPP combustion systems (Mularz, 1979). These and

other experiments would be useful in validating the current formulation.

4-13




Appendix

TRANSI Combustor Model

The combustor geometry under consideration in the TRANSI computer code includes a pre-diffuser area
followed by a shroud volume. Compressor air enters the pre-diffuser and shroud areas and exits the
shroud through two locations. The first exit extracts some air for turbine cooling with the rest going
through to the combustor. These different mass flows manifest themselves in a shroud pressure rise that
appears to be computed based on a steady Bernoulli’s equation. The user may specify time-dependent
conditions for inlet total temperature and either inlet total pressure or inlet airflow rate. The combustor
receives air from the shroud. Fuel flow is determined by the detailed treatment of the fuel nozzle which
will not be discussed here (for more details see Caron, 1991). The heated air leaves the combustor
through an outflow which simulates the inlet guide vanes of the turbine and either a choked or subsonic
flow condition is specified depending upon the burner pressure to ambient pressure ratio. Again mass
flow differences result in a change in combustor pressure. Within the combustor a number of physical

processes are modeled by semi-empirical correlations. These are discussed next.

Combustor efficiency in gas turbine combustors is often defined as the ratio of the actual heat released
during the combustion process over the maximum amount of heat stored as chemical energy in the fuel. It
is important for reasons of fuel economy, low emissions of UHCs and CO, and for engine restart at high
altitudes for relight (Lefebvre, 1983). The combustion process occurs mainly in the primary zone of the
combustor. This process traditionally depends on the injection of liquid fuel into the region of flame
stabilization. After a short time evaporation of the liquid fuel occurs and combustion commences. The
key to efficient combustion depends on having sufficient time, temperature and turbulence (as well as
pressure) to burn the fuel. Thus the combustor efficiency can be related to the various time scales of these
different processes (Lefebvre, 1983).

If one assumes that the process of liquid fuel evaporation and fuel-air turbulent mixing both occur very
fast then the combustion efficiency is determined by the airflow rate and the rate of chemical reaction
between the fuel and air molecules. Based on the assumption that the primary zone can be modeled as a
turbulent flame brush an expression can be derived for combustion efficiency. In this context combustion
efficiency is related to the amount of fuel that passes through the flame brush unburnt. The form of the
expression as used in the TRANSI éode is provided in Clark and Green (1990) and Caron (1991).

For the situation where evaporation and chemical reaction rates are both fast then efficiency depends only
of the residence time and the turbulent mixing times. Based on an eddy viscosity concept and simple
relations for turbulent velocity and length scale an expression for combustion efficiency can be derived

and is given in Caron (1991).
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With mixing and reaction rates fast enough the fuel evaporation process will be the key factor controlling
combustor efficiency. Based on simple mass transfer relations an expression for combustion efficiency

can be derived and the form used in TRANSI is given in Caron (1991).

As a general rule under low pressure conditions evaporation and reaction rates exert the predominant
influence whereas under conditions of high pressure mixing is the key influence on combustor efficiency.

All three of the above expressions are used in TRANSI in order to compute the combustion efficiency.

Two other key physical processes are also modeled employing semi-empirical relations. These are
ignition and flame stabilization. Ignition of a combustible mixture can occur in several ways. A supply of
energy, either by an electric spark or by contact with a hot surface, is usually sufficient to achieve ignition
of a fuel-air mixture. Spontaneous ignition is also a possibility if the local pressure and temperature are
sufficient for autoignition to occur. Spark ignition is the traditional mode for gas turbine combustors. In
the TRANSI model autoignition is assumed to occur depending on temperature, pressure and fuel type
which together gives an ignition delay time. Based on characteristic time theory this ignition delay time
is compared with the primary zone residence time. When the ignition delay time is less than the residence

time autoignition is assumed to occur.

The basic principle behind flame stabilization is for the gas velocity to be equal to the flame speed. If the
gas velocity is greater than the flame speed the flame will move downstream, a condition often referred to
as blowoff. If the gas velocity is less than the flame speed the flame will move upstream, a condition often
referred to as flashback (Lefebvre, 1983). Thus it is desired to increase the burning velocity and decrease
the main flow velocity. Most primary zones contain some sort of flame holder whose purpose is to create
a highly turbulent region where the flow velocity is less than the burning velocity of the mixture. Flame
stability in the TRANSI code is determined from a empirical plot of equivalence ratio versus primary zone
loading parameter. Thus equivalence ratio is computed based on the air and fuel flow rates and the
loading parameter depends on the airflow rate, the pressure and the temperature which gives a measure of
primary zone flow velocity. This stability plot determines the maximum airflow rate which can support a
stable flame. Beyond this velocity the fresh mixture does not spend enough time in the shear layer to be
ignited by the hot recirculation zones. This velocity is often referred to as the blowout velocity. This
plot also sets the rich and lean blowout limits. When the flame stability and autoignition criteria are

satisfied a flame is assumed to exist.
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Figure 1. Physical compression system modeled and control volume concept illustrated (used with
permission).
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Figure 2: Control volume schematic of nine-stage compressor with representative combustor (used with
permission).
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Figure 3: Heat release in the compressor due to 10 percent of the combustor fuel flow being ingested
during flow reversal of a surge cycle (used with permission).
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Abstract

A Wavelet-Multigrid approach to solving partial differential equations based on
fractal functions is presented. The scaling functions and wavelets in this method
are piecewise C! fractal functions supported on intervals of length at most 1.
This new approach is ideal for solving boundary value problems and gives exact
formulas for inner products of the form [ n'n’ dz, Jr ' dz, and [ 7%y dz,
where 7 represents a fractal scaling function or fractal wavelet. Furthermore,
the preconditioner for the algebraic system, derived from the weak formulation
of the differential equation, is obtained via a recursive and exact procedure that
is based upon properties of the underlying fractal scaling functions and fractal
wavelets.
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A WAVELET-MULTIGRID APPROACH
TO SOLVING PARTIAL DIFFERENTIAL EQUATIONS
BASED ON FRACTAL FUNCTIONS

Peter R. Massopust

Introduction

In recent years, wavelets, in particular those constructed by I. Daubechies
[5], have been used in Galerkin-type schemes to obtain numerical solutions for
partial differential equations. Wavelets yield highly localized bases of approxi-
mation spaces for Galerkin methods and their superior approximation properties
promise computationally efficient algorithms. There are, however, three impor-
tant issues that have to be resolved before the Daubechies scaling functions and
wavelets can be applied to Galerkin-type methods:

e The scaling functions and wavelets are primarily constructed for functions
supported on IR and their restriction to compact intervals causes “bound-
ary effects”. It is possible to construct wavelets on a compact interval I
but this adds new scaling functions to those already supported on I. A
second approach that avoids boundary effects is based upon periodizing
the scaling functions and wavelets. Both methods, however, lead to, for
instance, large bandwidths in the stiffness matrix.

e There are no explicit formulas for the scaling functions and wavelets (with
the exception of the discontinous Haar basis). Therefore, integrals of the
form [y dz, [ n'n dz, and [ n°7’ dz, where 7 is either a scaling
function or wavelet, have to be evaluated either numerically, or by solving
an associated eigenvalue problem that employs the refinement equation for
scaling functions and wavelets. In [4], conditions are given under which
this latter approach gives unique solutions.

e The stiffness matrix is ill-conditioned. The condition number « is pro-
portional to mlogm for a grid of size 2=™. This ill-conditioning is due
to the fact that the stiffness matrix resolves all the scales. This problem
can be overcome by multilevel preconditioning. In [3], a multilevel precon-
ditioner is constructed and it is shown that the condition number of the
stiffness matrix of the preconditioned algebraic system is asymptotically
independent of the mesh size. '

We have developed a Wavelet-Multigrid method based upon fractal functions
that is, by construction, well-suited for boundary value problems and, using
properties of fractal functions, allows the exact evaluation of the aforementioned
integrals without any additional conditions. This approach employs the mul-
tiresolution analyses constructed in [7,8,9,10]. There, dilation- and translation-
invariant subspaces of L2(IR) were constructed whose elements are piecewise
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fractal functions, and in [8] it is shown that there exists a set of fractal scal-
ing functions {¢!,¢%,¢%} and fractal wavelets {1, ¥?,¢®} with the following
properties:

e D¢' and D* exist on IR\ Z/2, and D¥¢' and D¥y* are bounded on
Z/2. (Here D denotes the ordinary derivative and D¥ the ordinary right
and left derivative, respectively.)

o supp ¢! = supp ¢ = [0,1/2] and supp ¢* = supp ¥’ =[0,1], i = 1,2,3.
o Forall{,j €{1,2,3} and k,{, m,n€ Z:

(Bt Bme) = Gijkts  (Bhnks Vo) = Gijktmn,  (Bnss Why) = 0.
Here (-, -) denotes the LZ-inner product and fm¢ := 2™/2p(2™ . —¢).

We employed the above fractal scaling functions ¢' and wavelets ¥,i=1,2,3,
to define a multiresolution analysis of L2(I) such that

Vi :=span {$1(2 =) - L€ A, i=1,2,3) " c HNI),

where I := [0,1], A} = A2 :={0,1,...,3.2m+1 2} A5 :={0,1,...,3-2m+1_3},
and H}(I) is the Sobolev space consisting of all L2-functions f with compact
support in I closed under the norm || f||Lam) +[1f*||2(m). (Here “/” denotes the
weak derivative.) The spaces V., m € IN, are taken as approximation spaces
for a Wavelet-Galerkin method. Since the scaling functions ¢* and the wavelet
¥ are fractal functions, inner products of the type mentioned earlier can be
calculated ezactly ! (See Section 2.) We also derived the preconditioner and
showed that it can be obtained via a recursive and exact procedure using the
properties of the underlying fractal scaling functions and wavelets.

The structure of this report is as follows: Wavelets and some of their prop-
erties are presented in Section 1. Because of the limited scope of this report, the
interested reader is referred to the references for a more complete introduction
to wavelets. In Section 2, we briefly review some of the theory of fractal func-
tions concentrating on the issues that are of importance for our purposes. We
.again refer to the references for more detail. Section 3 deals with the main is-
sues addressed in this introduction. We present the Wavelet-Multigrid method,
derive the preconditioner and discuss our findings.

Section 1

A finite collection of L2-functions v := {#f : j=1,...,B}, is called a
wavelet vector if the two-parameter family {2™/2(2™ . —£) : m,£ € Z} forms
an orthonormal, or more generally, an unconditional basis of L2(IR). One way

to construct such a vector wavelet is through multiresolution analysis (see [11]),
which consists of a nested sequence Vi, C Vinyy, m € Z, of closed subspaces
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of L2(IR) such that the closure of their union is L?(IR) and their intersection
is the trivial subsapce {0}. Furthermore, each subspace Vi, is spanned by the
dyadic dilates and integer translates of a finite set of scaling functions, some-
times also called the generators of the multiresolution analysis. Typically, this
scaling vector ¢ := {¢' : i =1,..., A} has compact support or decays rapidly
enough at infinity. The condition that the spaces Vi, be nested implies that
the scaling vector ¢ satisfies the following two-scale matriz dilation equation or
matriz refinement equation

A
B(z) =) > Co(2c - 1), (1)

i=lyeZ

where the {C;},.zz are A x A matrices satisfying 3_,. 77 [|[Celleama) < o0. If
the L2- orthogonal complement of V,, in Vi 4 is denoted by Wi, 41, then there
exists a wavelet vector ¥ such that W,,41 is spanned by the dyadic dilates and
integer translates of 1. Moreover, the wavelet vector satisfies a two-scale matrix
dilation equation of the form

A

w(@) =) ) Ded(2z-0), 2

i=10eZ

where the A x A matrices {D,}, 7 are in £2(IR*). (Since we consider dyadic
dilates, the number of scaling functions equals the number of wavelets.) Since
Vint1 = Vin ® Wng1, every function frmyi € Ving1 can be decomposed into
an “averaged” or “blurred” component fm € Vi, and a “difference” or “fine-
structure” component gm41 € Wy

fm+l = fm + Im+1-

This decomposition can be continued until f,4+1 is decomposed into a coarsest
component fy and m difference components gz, k=1,...,m+1:

fmri=fotai+...+9m + Ime1- (3

This decomposition algorithm can be reversed to give a reconstruction algorithm:
Given the coarse components together with the fine structure components one
reconstructs any fm € Vin via reversal of Eqn. 3. Let us note that both algo-
rithms are usually applied to the expansion coefficients (in terms of the underly-
ing basis) of f and g and that they involve the matrices C; and D,. The reader
is referred to the references for more details.

Scaling vectors and vector wavelets are to satisfy three conditions:

1. Both ¢ and ¥ should have compact support. (This implies that the sums
in Eqns. 1 and 2 are finite).
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2. The scaling and wavelet vectors should be fully L2-orthogonal in the fol-
lowing sense:

(BE@™ - —k),$2™ =) = Sula,
(@™ - —k), (2" - -0) mn kela, 4)
(2™ - —k),%(2" - ~8)) = O,

where I and O, denotes the A x A identy and zero matrix, respectively.

(This guarantees that the reconstruction and the decomposition algorithm
is finite.)

3. The scaling vector and thus the wavelet vector should have a certain degree
of smoothness. (For second order boundary values it suffices for ¢ to in
BV or H!))

It was shown in [9] that the preceding three conditions imply

2"z~ =) Cl .62 'z — ') + D} _,, (2™ 'z =¢).  (5)
ll

(Here ! denotes the Hermitian conjugate.) If we define
Py = (1(2™-),81(2™ - -1),...,0 (2™ - =27 +1),4%(2™ ),
s @@ 2™ 1), L, 42 ), L, 82 - =27 +1)),(6)

with * denoting the transpose, and in a similar fashion ¥,,, and &,,_;, then the
preceding equation can be written in a more compact form:

L
#n=Ln ( ;ml) , ()
where Ly, is the A-2™ x A . 2™ matrix whose entires are given by

(Lm)ies1y,er414G-1y2mtr = (K} )i )

withi=1,...,4;j=1,...,24; ¢ =0,1,...,2" 1 -1, £=0,1,...,2™ — 1,
and
(Kt) — (Cl)l'j j=1,...,A
alty (DL)i; i=A+1,...24.
We will encounter Eqn. 8 again in Section 3 where the preconditioner is con-
structed.

Section 2 )
In this section we briefly introduce fractal functions and indicate how they

can be used to construct multiresolution analyses of L2(IR) and L2(I).
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Throughout this section, N denotes an integer greater than 1 and s a real
number in (-1, 1).

Fractal (interpolation) functions were first constructed in [1]. The graph of
such a function is made up of a finite number of images of itself. For example,
if we work on I := [0,1] with given interpolation points (0,%0), (1/2,41), and
(1,y2), then we define a fractal function as follows: Let (C*(I), | - [l) denote
the Banach space of all continuous functions passing through the preceding
set of interpolation points endowed with the sup-norm. Define the contractive
operator T’ on C*(I) by

Tf(z) = A oui'(z) + 8 o u (), (©)

for all z € w;(I), i = 1,2. Here ui(z) := (z +i— 1)/2 and Ai(2) 1= a;z + b; is
chosen so that T£(0) = yo, Tf(1/2) = 11, and Tf(1) = y3, whenever f(0) = yq,
f(1/2) = 1, and f(1) = y2. The fixed point f* of T is continuous and passes
through the given interpolation points, and is called a fractal (interpolation)
function. Let wi(z,y) := (ui(z),Xi(z)). Then the graph G* of f* satisfies
G* = w1G* U wyG*. Let us note that this is not the most general construction
of a fractal function. We refer the interested reader to [12] for more detail.
Furthermore, the functions A; need not be affine. As a matter of fact, for our
Wavelet-Multigrid method we need them to be quadratic functions. Choosing
the A; to be quadratic functions and |s| < 1/2 guarantees that the fixed point
f* of T is C'. We also note that the fixed point equation for f* can be written
as a nonhomogenous two-scale dilation equation:

FFl@)=X=)+)_sf2z-0), (10)
/4

with ) = M(z) 0<z<1/2
(@) "{ A(z) 1/2<z<1

For our purposes, the most important characteristic of fractal functions is
that f*(./2) restricted to I is also a fractal function. Just as polynomials are
pieced together to form splines, these fractal functions can be pieced together to
generate a linear space Vj of continuous piecewise fractal functions with integer
knots such that if f € Vp, then both f(-/2) and f(- + 1) are also in V; (see
Fig. 1). The space Vj is spanned by the integer translates of a finite number
of scaling functions {¢!,...,$4}. The space V; depends on the free parameter
s and can be thought of as a parametrized spline space. It can be shown (see
[7,8,9,10]) that for a proper choice of s a scaling vector ¢ and an associated
vector wavelet ¥ can be constructed so that the aforementioned properties 1, 2,
and 3 are satisfied. As mentioned in the Introduction, one can even construct
a compactly supported, piecewise C! scaling vector ¢ and associated wavelet
vector 9 that are fully orthogonal. In Figs. 2 and 3 the graphs of the three
scaling functions and the three associated wavelets are shown. The value for
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Figure 1: A piecewise fractal function
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Figure 2: Piecewise C! fractal scaling functions

8 in this case is given by (2 — v10)/6. By their construction, fractal scaling
functions and fractal wavelets can be used to define multiresolution analyses
of L¥(I). The procedure is as follows: Let V,, := V,, N LY(I) and Wy =
Wm 0 L(I). If we set @i, = ¢ilr and ¥, = ¥i 1, then {6, i=
I,...,.AimeNuU{0}; —i < €< 2™~ 1} is an orthonormal basis for V., and
{1,(:,",,5 ri=lo . AmelN;i—1<¢<om-l —(i+1)} is an orthonormal basis

for W,. Moreover,
LX) = P Wm.
meN
Employing essentially the same strategy one can assure that all the approxima-
tion spaces V,, are in H{(I): All those functions in Vim that are not in H{([) are
deleted. For the piecewise 1 scaling functions and wavelets mentioned earlier,
we obtain the following bases for Vin: (In order to ease notation we will from
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Figure 3: The associated wavelets

now on omit the ~ from the spaces V,,, and W,, since our emphasis is entirely
on a multiresolution analysis of L?(7).)

Vo = span{gl(z), 6'(z - 1), 2(2), 2z = 1), @)1 O c HXD). (1)

For general m € IN, the spaces V,, were already given in the Introduction.
Since V;, contains the piecewise quadratic functions #1(2™ . —¢;) and since
these functions are dense in H{, it follows immediately that

=—H3(D)
U Vim = H(I). (12)

m=0

Since there are 3.2™+1 — 1 scaling functions in V,,, there are 3.2m+1 wavelets in
Wm+1. The six wavelets in Wi are: (), ¢*(z + 1)1 + ¥ (z — 1)1, i = 1,2, 3.
The basis for Wy, then consists of the dilates and appropriate integer translates
of these six wavelets.

For out later purposes we need the following results from the theory of fractal
functions (see, for instance, [12]).

Theorem 1 Let f be a fractal function supported on I = [0,1] generated by the
two maps Ay and Ay. Let p € INU {0}. Then the moment J; =* f(z)dz can be
recursively and ezplicitly calculated in terms of the lower order moments:

/ » _ Jil2P Mi(2) + (2 + 1) Ag(2)] dz + sz’q’;é (f;) [; =% f(z)dz
zP f(z)dz = 3 .
I (2P -_— S)

(13)

Theorem 2 Let f and g by two fractal functions generated by )\; and Bi ,
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i = 1,2, respectively. Then the L2-inner product (f,g) is given by
Li(io ) + s[(Xir ) + (i, 1)

(fr g) = 2(1 _ 82) (14)
If f and g are in H!, then
(f',¢") = 23 p) + s{(Al, g') + (uh, f,)]) (15)

1-4s2

Note that, if A; and y;, i = 1,2, are polynomials, then the L2-inner product
between fractal functions f and g is given in terms of the moments of f and
g. In our Wavelet-Multigrid Method, the scaling functions ¢¢, i = 1,2, 3, are
generated by quadratic A’s and, thus, any L?-inner product between these scal-
ing functions and their derivatives can be explicitly and recursively calculated.
This produces exact answers for the inner products appearing in the weak for-
mulation of the differential equation. More precisely, the scaling functions ¢*
are generated by the following maps:

#': AM(z) =(1/2 - s)z + (s — 1/4)z?,
M(z)=1/4 —sz+ (s 1/4)z2,

#?: M(z) =(1/2 - s)z + (s — 1/2)z2,
Ad(z) = (s = 1/2)z + (1/2 — 5)z?,

lo,1721 1 A(z) = a(1/2 - 5)z + [1/2 — (3a + B)/8 + (a — 1)s]22,
M@)=(@+a=-p)/8+[1 - (a+f)/4+ (B~ 2]z
+{-1/2+ (@ +38)/8 + (1 — B)s]=2,

Slujeay: A=) =(1-8)+B(s - 1/2)z
+[-1/2 + (a + 38)/8 + (1 — B)s]=?, 4
Me)=@+a—-p)/8=s+[-1+(a+B)/4+(2-a)s]z
+{(1/2 - 3a + B)/8 + (a — 1)s]z?,

where o := (v10 — 3)/2 and 8 := (7 + v10)/2. Using Theorems 1 and 2, one
can easily obtain the following L2-inner products between the scaling functions:

(8%, 6') = (20 - 7v/10)/3, (6", 4}) =0,

(¢",6*) =0, (é1,63) =0,

(8¥,4%) = 5(10vI+7VE)/3, (41',6)') = (4", 4"),
(81',¢%) =0, (61, 43) =0,

(¢ii’ ¢3/) = _(¢11, ¢3/) (¢2I, ¢21) =4 (5 + \/E)’
(#%,43) =0, (#%,6%) = 38V/30(4 + V10)/7,
(¢?l’ ¢¥1) —_ (¢21, ¢2/)’ (¢21.>I, ¢31) = __(¢2I, ¢31),

(6%, 4%) = 43046 721 (1160 + 367v/10)/(102),
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where

5= \/ 10615782653 — 3 334 494 410+/10.

Nonlinearities of polynomial type or polynomial coefficients in differential oper-
ators lead to triple L2-inner products of the form [, f g hdz, where f, g, and h
are fractal functions. The next theorem shows that these triple inner product
can also be calculated exactly.

Theorem 3 Suppose that f, g, and h are fractal functions, generated by poly-
nomial maps );, p;, and v;, respectively. Then

(fo.h) = % Z{(Ae pi, Vi) + s[(Ni pi, h) + (Ai vi, 9) + (wi vi, )]
) +32[(/\i,gh)+(ﬂi,fh)+(Vi,fg)]}; (16)
where inner products of the form (X, gh) are given by

P {(7\.-, wi vi) + s[(Xi pi, B) + Qi v, h)]}

2(1 - s2) (17)

(Abgh) =

The coefficients in the polynomials Xi(z) = Z}i:o l~>§x" are related to the coeffi-
cients of the polynomials A\;(z) = Z;:a bj-:r-" via

d-j ;. .
i i ]+k b‘+k -k : .
bJ"J'_Z:Z( k >2;+1:" (18)

Finally, let us remark t.hat the_ matrices C; and D, in the two-scale dilation
equations satisfied by ¢' and v¢*, i = 1,2, 3, are known exactly.

Section 3

In this section we introduce our Wavelet-Multigrid method, derive the pre-
conditioner and briefly discuss our findings.

Suppose that L is a self-adjoint elliptic differential operator of even degree.
We are interested in solving the Dirichlet problem

Lu=f on(0,1), u(0)=u(1)=0, (19)

where f € L%(I). The weak formulation of Eqn. 19 is to find a u € Hg(I) so
that

B(s,0)=(f,0), veHD). (20)
Here, B(u, v) is the bilinear form induced by L: B(u,v) = (L'/?u, L}/?v). The
finite-dimensional spaces V;, defined earlier are used to define a Galerkin method
for the Dirichlet problem Eqn. 19. To this end, let

e D
u’,:, =u Iv_, m € Ny,
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i.e., for a set of constants {“;;it; : myn € No; 4 € Aiji = 1,2,3}, where

Ay=A={0,1,...,3-2"* _ 1} and A3 = {0,1,...,3-2™+1 _ 2}, we set

3
U = Za&;u.- #em - -4), (21)
i=1
or, using Eqn. 6,
Um = @' Py,. (22)

By definition of Vi, limm—co tm = u (in the norm of H(I)). Substituting
Eqn. 22 into Eqn. 20 we obtain

Dpam = £, (23)
where D,, is a positive definite self-adjoint operator and where we set
Fm = ((£,81),(£,81), s (fi83mer_1) (£, 87), -, (s 3 _2))-
In the case where L := —al:, + o, 0 > 0, the preceding equation becomes
(Dm+oDam = f,,,
and the (3.2™*! — 1) x (3-2™*! — 1) matrix Dy, the stiffness matrix, is given
» (Du Ds2 Dla)
Dm:=| D12 Dzs Das |,
D13 Diy3 Das

where o
D;; = diag((¢*,¢'")), i,j=1,2,

(7,67 #0600
0 (¢il’ ¢31) ¢:il’ ¢3/) .
Di3 = 0 . . 0 ,
: . (88, 4%)
0 0 (¢",¢3')

and similarly for D3;. The matrices D;;, i,j = 1,2, are of size 2™+1 x 2m+1,
whereas the matrices D;3 and Dj3 are of size (2™+! — 1) x (2™+1 = 1). The
entries in the preceding matrices can be calculated exactly using Theorems 1
and 2.

Remark. Even when the coefficient functions in the differential operator L are
polynomials, the inner products in B(u,v) = (D, v) can be calculated exactly
using Theorems 1 and 2.
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An equation like 23 is usually solved by means of an iteration of the form
at ;== (I -wCpnDyp)at ' +wCnf,, ke, (24)

with some relaxation parameter w € (0,1) and a preconditioner Cr. It is
shown in [3] that the preconditioner for a Wavelet-Galerkin method is obtained
as follows: Consider the basis B,, := {#,, : m € INo} of V;, and let Ly, be
the operator that takes By, onto the basis Bpn_1 := {(#m-1,%m): m€ IN} of
Vin—1 ® Wpm. (Compare with Eqn. 8 !) The preconditioner Cy, is then given by

Cm = L2, (L!))?. (25)

If one would like to relax on more than one level, the preconditioner has to be
a product of operators of the preceding form. More precisely, consider

-
Fm =L$’p( w,,.l) !

and, analogously,
- .
o= 182 (323).

Then,
fm—2
(Qm-d)__(Lg,)_l 0) wm—l
¥ )\ 0 I ’
\N ¥,

and, if we denote the above matrix by Lg), we have the preconditioner for going
from Vi, to Vo @ W1 @ Wi

Qm-z
& = LOLO [ ¥t
¥m

Hence, if we resolve all the levels, we obtain

@0
L 41
S, = LOLA. .M ¥ ]| meN, (26)
¥m
m
€ Vm eVoo Pw;

i=1
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Next, we show the structure of the preconditioner when a full multigrid cycle
is used to obtain successively better approximations to u,,. The figure below
shows part of a typical full multigrid cycle. With each approximation space Vi,
we associate a grid G, := Z/2™Z, m € INy. Related to this multigrid cycle are
the following mappings: An injection mapping jm : Vin = Ving1, ¥m — {¥m),
a decomposition mapping pm : Ving1 = Vin, Ume1 = vm + Wm41 — Uy, and a
reconstruction mapping rm : (Vin, Wim41) = Vint1, (Um, Wma1) = vm + Win41-

neV,=hoeWw, oW,

neh=ow
it =% +w

UOGVO i')oevo

The space V; corresponds to the coarsest grid Go. On this grid an initial guess
solution v, is relaxed (employing Eqn. 24 with m = 0). Using the injection
mapping jo, the relaxed solution, which we again denote by vg, is embedded
into V3. On the grid G the system in Eqn. 24 (with m = 1) is relaxed and the
thus-obtained approximate solution v; projected onto V;. Let 9 := p1(v1). We
again relax on the grid Gy producing an up-dated solution. To ease notation,
we denote this solution again by #;. Now we reconstruct to get ¥y := ry(¥g, wy),
where w; := v; — . Preconditioning and relaxing on the grid G, produces an
up-dated solution to ¥ which is via j, embedded into V5. On the correspond-
ing grid we precondition and relax again to obtain v;. The multigrid cycle
now continues, proceeding in a completely analogous fashion, until a predeter-
mined finest level is reached. The solution on this grid is then the sought-after
approximation for u,,.

Finally, let us present the structure of the matrices Ly, used to define the
preconditioner Cp,. To this end, consider the equation

o DPY (%
"1=(c9> D<;>) (%) @

The 11 x 11 matrix in the preceding expression is known explicitly from Eqn. 7
(with m = 1) and was divided into the 5 x 5 matrix C(l), the 5 x 6 matrix
Dg), the 6 x 5 matrix G(Ll), and the 6 x 6 matrix Dg). It is clear from earlier
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arguments that the mattrix in Eqn. 27 is nothing but the matrix L = L(ll).

Moreover, C(z) @
;@ _ (Cu Dy Ly 0
Ly=1L3"L; _(Cg) DE”)(O I)’
or,

Ly= (09)1'1 D?P)
2 Cg)Ll Dg) )

and, thus, in general,

ann) L pim+1)
- U
fms = (cgmw,,. D<:+l>)' men %)

(% %)
C}{m) D(Ll)
are the matrices in Eqn. 5, they can be obtained from L, by insertion of zeros

and shifting of row blocks and are, therefore, very sparse. (The structure of
these matrices is essentially contained in Eqn. 5.)

Remark. The Wavelet-Multigrid method described above is also well-suited
for nonlinear problems such as the one-dimensional Burgers’ Equation

Since the matrices

Ou ou 0%

-a—t—— —u-g+0'a—z2-, (29)
together with appropriate boundary and/or initial conditions. We like to find
a weak solution in some subspace H}(I) of H!(I). Using an explicit time dis-
cretization scheme, Eqn. 29 gives

un+1 —y" a2un+1

At T Oz dz? ’
where n € INg, u".(z) = u(nAt,z), and At > 0. Employing the preceding
scaling functions ¢ and wavelets y* but with the spaces Vi, now in Hl(I), we
determine, for a fixed n and k, a solution u',:;‘= := y™* |y by iterating the system

ou”
—_ __un+1— + o

(30)

a1 = gtk _ wC,RIE, (31)

where a®;* are the expansion coefficients of u}, in terms of the basis of Vi,
Com is the preconditioner described earlier, and R;"‘ is the residual of Eqn. 30.
Under the assumption that the spectral radius of I — wCpn IR /0unF is less
than 1, we have the following convergence results:

k _ n.k

"t = lim v™* and u™* = lim u}*.
k=00 m—sco
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Notice that the weak formulation of Eqn. 30 contains the symmetric quadratic
form Q(a%*) = (Qic: i=1,2,3;£=0,1,...,3-27*+! _ 1) with

3
: k yk
Qit == Z (¢p¢q’¢”)a:;;pt,a;§qlv’
pg=1

with £; € A;. The inner product in this quadratic form can again be calculated
exactly using Theorem 3.

Summary

We have developed a new Wavelet-Multigrid Method for solving partial dif-
ferential equations which is

e well-suited for boundary value problems;

e gives exact answers for integrals appearing in the weak formulation with-
out imposing further conditions;

e uses a preconditioner that can be obtained from a recursive and exact
procedure that is based upon properties of the underlying fractal scaling
functions and fractal wavelets.

Furthermore, this method promises to be computationally efficient.
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Abstract

Infrared spectra were obtained using a commercial Fourier Transform
Infrared Spectroscopy (FTIR) spectrometer that was stripped for use with
available imaging optics. This allowed a detector array to be used in the
place of the usual single detector. Both an image and the IR spectrum at each
image point were observed with this IR system. Demonstration of the high
throughput concept was successful, with an IR spectrum from all detectors of
the array yielding a spectrum identical in detail with the IR spectrum from

any individual detector of the array.




INFRARED IMAGING FOURIER TRANSFORM SPECTROMETER

(IRIFTS)

Randolph S. Peterson
Introduction

Remote sensing, dynamic plume analysis need the capabilities of an
imaging infrared spectrometer, known as hyperspectral imaging. This project
is the beginning and re-establishmentl of a research and development effort in
dynamic, infrared hyperspectral imaging, and an important related technique,
superthroughput FTIR spectroscopy.

In the time available for this project, a commercial BOMEM FTIR
spectrometer was adapted (stripped) for use with an external imaging system
and multidetector array. Image tests were successfully conducted and FTIR
spectra were obtained from the multidetector array. Tests of superthroughput
spectroscopy were conducted. Results of these tests and an overview of the
general theory of these ideas are described in this report.

Some previous experimental and theoretical studies of the IRIFTS concept
existl, and those reports have been retested for this report. This work
represents an extension of previous work through the use of a 2D detector

instead of the 1D detector.

Theory
The basis of most FTIR spectrometers is the Michelson interferometer?,
which is similar to the interferometer used in this study. A schematic

diagram of the unfolded optics of an interferometer is shown in Figure 1.

Parallel light enters the interferometer and is split into two beams by the




beamsplitter. The two beams travel to and are reflected from separate mirrors
back to the beamsplitter where they recombine. TIf the phases of the two beams
are identical upon recombination, the radiation combines and interferes
constructively. Otherwise there is some degree of destructive recombination,
through total destructive interference, depending upon the phase differences.
As the translating mirror is displaced, the phase difference upon
recombination changes continuously. The resulting interference swings from
complete constructive to complete destructive as the translating mirror is

displaced a quarter of a wavelength of the infrared radiation.

Fixed
Mirror
Image
o
4P
) Incident IR
Translating
Mirror
Figure 1. Schematic diagram of IR paths in interferometer.

If the light incident upon the beamsplitter is not parallel to the
optical axis but at an angle g, the phase difference upon recombination is
0 = (4n80) cosB
where 8 is the mirror displacement and ¢ is the IR wavenumber. The

irradiance, E(3,8), is simply

E (5,8) = C[B(0) {1 + cos(4nod cosb}da




where B(6) is the monchromatic intensity and C is an integration constant.
This function is shown in Figure 2 for monochromatic light and several mirror
displacements. The irradiance for an extended source subtending a solid
angle, Q,

Q =2n(1 - cosB),
is knownl to be

E (8,8) = C/B(0) {1 + sinc(Qyy, 55, 08)cos(4n0d - 2Qy5400) }do

o
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Angle (degrees)

Figure 2. Irradiance for off-axis rays with mirror displacements,

d (cm). The radiation is monochromatic, 2.5 um wavelength IR.

The width of the central image of Figure 2 limits the size of a single, on-
axis detector to a value traditionally taken as half the angular size of the

first minimum. This translates into an angular size of

0 = (280,00
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which is referred to as the half angle obliquity limit. This limit assures
that for all observed wavelengths the phase difference integrated over the
detector area is less than 180°.

Overcoming this limit is the driving force behind the research conducted
for this report. Using an array of detectors with areas small enough that
phase changes over any detector element are less than 180° can allow for more
of the total radiation passing through the interferometer (superthroughput)
and allow for imaging along with the spectroscopy (hyperspectral imaging).

Hyperspectral imaging spectrometers with 32 detectors in a rectangular
array are being developed commercially by BOMEM, but no other research efforts
in this type of hyperspectral imaging spectrometers are known by this author.
No current research in superthroughput with multiple detectors is known by

this author. Earlier work was done by Johnson3 at Block Engineering in the

late 1970's.

Experimental Technique

A BOMEM model 100 FTIR spectrometer was stripped of all its optical system,
except the interferometer, and used as the foundation of these experimental
studies. A schematic of the optical system used is shown in Figure 3. The

BOMEM computer software developed




Detector Array

\/ <«— | Interferometer
N

IR Source

mirror

Object

mirror

Figure 3. Experimental optical plan used in these experiments.

for this model FTIR was used for acquisition and analysis of most of the
infrared radiation. This software was not ideally suited to the experimental
needs of this study, but there was no available time to develop appropriate
software. Some data remains partially analyzed as a result.

An indium antimonide (InSb) detector with seventeen individual detector
elements in a symmetric cross pattern was used as a 2D detector array. Tests
with large blackbody sources allowed for adjustment and confirmation of a
uniform image and nearly identical center burst intensities for all the
detectors. As only one amplifier and ADC system were available for these
tests, each detector was polled separately by physically connecting and
disconnecting cables to the detector array. This was a very time consuming
data analysis technique.

Various spectral resolutions (corresponding to a range of 28values)

1

were used in a variety of imaging tests. Resolutions of 16 cm™~ were used for

the final tests of imaging and phases changes, as this allowed for the



greatest amount of data to be acquired in the least amount of time. This
relatively low resolution results in all elements of the detector system used
for these studies lying inside the half angle obliquity limit. This means
that phases are reasonably constant across each detector as well as across the
entire detector array.

A blackbody source was used for the final tests. Imaging was performed
with simple objects that simply blocked part of the IR source or were
selective absorbers of the IR radiation. Aluminum tape was used to block part
of the IR radiation, and clear plastic replaced the tape to provide both

partial blocking and selective absorption of the incident IR radiation.

Results

Results from the various tests are studied in the time or spatial domain
as interferograms (Igrams) and in the spectral domain in the form of their
Fourier transform power spectra, corrected for beamsplitter phase shifts and
digital sampling effects. Reproducibility of the Igrams was of great concern
because of the ever present possibility that the physical disconnecting and
reconnecting of the detector cable would displace the detectors, moving them
out of the focal plane. In Figure 4 the intensities of two Igrams are shown,
correlated by time (or phase from center burst). The excellent linearity over
the entire range of observation, and in this expanded view over part of that
range, is evidence of the reproducibility of the data. The two Igrams were
separated in time by one hour of data taking and seventeen connects and

disconnects of the data cable.
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Figure 4. Correlation of two interferogram intensities from the same

detector used as a check for reproducibility under the prevailing

experimental conditions.

A piece of plastic was used as on object for imaging by this optical
system. The plastic partially blocked and absorbed (most strongly in the
2,800 to 3,000 cm~!l band) IR radiatipn from an 800 °C blackbody radiation
source. The image on the 2D detector array is sketched in Figure 5. The
image is inverted, as it should be for the optical layout, and little
absorption 1is observed in the lower detectors, while strong absorption is
observed in the other detectors. The fact that some absorption due to the
plastic is observed in all the spectra indicates that the system was somewhat

out of focus. Sample power spectra are shown in Figure 6.



The spectra in Figure 6 are blackbody curves attenuated at the high and

low frequencies by the detector efficiency. No radiation is detected below a

frequency of about 1700 cm~1 Strong absorption bands4 due to COy are

visible near 2350 cm™! and bands from H20 are seen near 1900 cm™1 and

3700 cm™1. These are expected since the spectra were obtained with samples in

air. Absorption bands due to the plastic sheet are visible in both detectors,

with the absorption much stronger in detector #14. Note that the COz and H0

absorption bands are of the same relative strength in each detector.

B  Strong Absorption
[7]1 Weak Absorption

TN NN :
NN E

Figure 5. Detector array and observed strength of absorption in

object plastic film.

Since all the detectors used for the optical layout employed in this

experiment lay well within the classical obliquity limit, the phase difference

between the signals at each detector were much less than 180°. Comparison of

the individual Igrams showed some small phase differences over the time of the

Igram. Igrams from each detector were added, ignoring the small phase
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differences and the resulting Igram was Fourier transformed to give the power
spectrum of Figure 7. The power spectrum derived from a single detector is
also shown in Figure 7. Note that the sum spectrum is identical in all
details, but is more intense than the single-detector spectrum. The only
noticeable difference is for the low frequency region. The detector cannot
detect this frequency IR and that which is present in the sum spectrum is
“computational noise*. The source of the radiation was an unattenuated, 800°C
blackbody IR source.

The quality of the sum spectrum of Figure 7 indicates the advantage in
using all the light that passes through the interferometer. Greater signal
strengths result with a resolution as good as the single-detector spectrum.

If the detectors extend out to and past the obliquity limit, phase corrections
must be made to the individual Igrams before they are combined to produce a

sum spectrum.

Conclusions
Tests of imaging and superthroughput with an FTIR spectrometer adapted
for imaging use have been started. Results from these tests are consistent

with theoretical expectations and previous experimental results. Imaging was

achieved and high throughput observed from the experiments performed.
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Design of Soot Capturing Sampling Probe

Roy J. Schulz
Professor of Mechanical and Acrospace Engineering
University of Tennessee Space Institute
Tullahoma, TN 37388-8897

Abstract

Extractive gas sampling probes have been used for many years to acquire samples of process streams, of
atmospheric aerosols, and of effluent streams from power generation and chemical process industry plants, for
chemical and particulate analyses. The design and application of these probes to extract samples from rocket exhaust
streams is complicated by the high temperature of the exhaust and by the fact that the exhaust flow is supersonic,
which means that a bow shock wave can be formed standing in front of the probe inlet tip. Bow shock waves are
strong compression waves that can raise the static temperature and pressure of the sampled gas stream, thus
disturbing its chemical state, as well as cause the breakup of suspended particles in the captured gas stream, thus
changing the particle size distribution in the captured sample stream.

The purpose of the task undertaken during the summer faculty research program was to develop a concept
and a potential design for an extractive gas and soot particle sampling probe (GSSP) to capture soot-containing
exhaust gas samples from supersonic exhaust flows of liquid hydrocarbon-fueled rocket engines. The design of the
probe must minimize the effects of the sample extraction process on the chemistry of the gas and soot particles
extracted, as well as minimize the effects of the sampling procedure on the soot particle size distribution. The GSSP

must survive the severe thermal environment, and if possible, not create too big a disturbance in the rocket exhaust
flow. ’
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Design of Soot Capturing Sampling Probe

Roy J. Schulz

L0  Technical Details of R b Proi

The problem is illustrated schematically in Fig. 1, where a thermally-protected, intrusive sample extraction
probe is shown inserted into the exhaust flow of a rocket motor, fairly near the exit plane of the nozzle. The
| hydrocarbon-fueled engine is expected to be operated fuel-rich, with suspended soot particles being carried in the

exhaust gas. Soot particles are submicron sized (.1-.2 micron, typical) particles of nearly pure carbon form, each

particle basically being an agglomeration of sub-submicron sized spherical carbon particles( .01 micron, typical)

connected in partially twisted, folded, or knotted strings and chain-like structures. These particles form in fuel- rich

combustion zones, where gas temperatures are in the 1400-1600 C range, from the products of hydrocarbon fuel

pyrolysis and thermal decomposition. In the combustion or cracking process, soot precursor species are formed.

These precursors are aromatic ring compounds, and acetylene (C2H2). A significant amount of research has been

done to formulate the global or overall mechanism by which soot is formed in specific flames from these chemical

precursors, including ions. The overall soot formation mechanism has been found to be affected by:

9

10)

extractive gas and particle sampling probes.

fuel type, and both local and ovcrall flame stoichiometry
flame( laminar, turbulent, premixed or diffusion) type
turbulence levels, and intermittency
burner or combustor design(global flow patterns)
temperature profile along and/or across the flame zones
flame heat loss due to radiation (by soot and by molecular species)
types of aromatic ring radical species produced in the cool fuel-rich zones(geometry of the
reaction site locations on the rings)

dkinetic mechanisms for ring and multi-ring formation by reaction of C2H2 with the ring
radical compounds
coagulation and/or condensation processes which layer the multi-ring dimers and
multimers into sub-submicron spherical carbon particles
temperatures and oxidant concentrations that the carbon particle strings/chains experience
before and after leaving the flame or hot zones, which determines whether the formations
of the soot particles and deposits arc amorphous,“puffy ,“soft”, and loosely-bonded, or are

“*‘hard”, “platelet-type”, and tightly bonded on surfaces.

Besides soot characteristics, it is necessary to first introduce the significant problems utilizing intrusive,

..

Y
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The sampled stream tube or gas flow starts out as an undisturbed flow in the freestream, upstream of the
probe. The streamtube geometry for the sampled, extracted flow can pass from the freestream to the interior of the
sampling probe in several different ways in supersonic flow. Figures 2 and 3 show three different ways this can
occur. The flow to be sampled can be spilled at the probe inlet tip, it can be perfectly matched to the probe inlet
conditions, or it can be swallowed by the probe. The controlling factor is the back pressure that the probe operates
with, or alternately, the mass flow the probe was designed to pump from the freestream. For the perfectly matched
case, and the swallowed case, all of the flow covered by the projected cross-sectional area of the probe inlet is
ingested by the probe. For the spilled case, the probe pumps less mass flow than is delivered to its cross-sectional
flow area by the freestream, and some of this flow is directed to flow around the probe inlet tip. Thus, the probe acts
somewhat as a blunt, solid body in the flow, creating a bow shock wave standing in front of the probe. The
deflection of the fluid streamlines upstream of the inlet causes inertial separation of the particle sizes, and even
reductions in measured particle number densities or concentrations, compared to freestream levels. Generally, the
very smallest particle sizes follow the gas streamlines , and the larger particles tend to follow deflected, but much
less curved, trajectories up and into the probe tip, based on a geometrical scaling of the process by the ratio of
particle size to characteristic dimension of the capturing body. Therefore, the probe tip acts like some equivalent (but
a’priori unknown) solid body in the sense that it has a capture efficiency for particles of a given size. Also, as stated,
the flow has its static temperature and pressure raised in passing through the bow shock wave, thus causing a shift in
the gas chemical composition entering the probe inlet. This compression process can initiate soot formation by
raising the temperature of an initially somewhat cool, fucl-rich sample, or, it can initiate soot oxidation and
destruction in an O,- and/or OH radical-rich gas sample carrying soot. Strictly at the probe tip inlet, it is obvious
that the flow situation in Fig 2(b) illustrates the desired flow capturing acrodynamics: the entire freestream
streamtube is captured (hence, all particle sizes) and, there is no disturbing shockwave across the inlet flow. It is
presumed that a process of deceleration and cooling of the flow can be achieved farther downstream in the tubing that
carries the extracted sample flow to the gas composition and particle sizing analyzers. In fact, design of the process
of decelerating and cooling the sample flow in the delivery tubing of the probe system without changing either gas
or soot chemical composrtion, or soot particle sizes, can be considered as the definitive problem of the probe design
project undertaken during the summer research project, in addition, of course, to the thermal protection design of the

probe system.

2.0 Some Previous Work on Sample Probe Design

Farly work on aerosol sampling probe design and isokinetic sampling and aerodynamic misalignment, on
probe capture efficiency for particles, was reported by Watson, ref, 2-1. Other factors affecting the capture efficiency
of isokinetic sampling probes, such as particle de-entrainment and deposition in the sample collection feed lines, and
probe aerodynamic shape; were discussed by Parkef, re;f: 2-2. Parker derived equations, based on assumed statistical
measures of aerosol size dieri_!aulions, that indicatg when a sample line has an internal diameter large enough to
ensure capture of all pzﬁicle sizes in the sampled stream, based on stream velocity, sampling time, and other
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parameters.

Some of the most recent work on the theoretical description of aerosol sampling probe capture efficiency
and particle aerodynamics in the capture or sampling process in supersonic streams has been reported by Forney, et
al., ref. 2-3.

The aerodynamic inlet conditions of an ideal thin-walled cylindrical sample extraction probe were analyzed
by Forney, et al, ref. 3-4, based on numerical and analytical methods. The mechanism by which an ideal probe could
capture freestream particles when the probe in a supersonic flow operated in the spillage mode was shown by Fomney,
et al, to be a function of a generalized particle Stokes number that accounts for particle drag as a function of a stip
flow Reynolds number. Because soot particles are so extremely small, their Knudsen number is unity and greater,
hence they can experience non-continuum flow (slip-flow) conditions. The use of a generalized Stokes number to
characterize solid body (cylinder) particle capture efficiencics was also demonstrated by Israel and Rosner, ref, 2-5.
One of the significant problems of the use of intrusive probes to capture samples of particles borne by flowing
streams is that in the capture process, drag and inertial forces can disrupt the particle structures. Estimates of these
forces on the particle motion during the capture process have been made by Forney, et al, ref. 2-6,2-7, although

particle breakup by deceleration and acrodynamic forces was not addressed.

Experimentally, studies have been done to address the sampling error in measuring freestream particle
number density due to probe-induced particle size separation, segregation, or “classification”. This may be generally
called the effect of probe capture efficiency for different particle sizes on sampled size distributions, that occurs when
the probe is operated in the spillage mode, Martone, et al, ref. 3-8. These authors showed a significant reduction in
sampled particle concentrations (number densities), compared to freestream concentrations, when the probe is
operated anisokinetically (in the spillage mode) in sonic and supersonic flows. The particles sampled were submicron
in diameter, .8 micron. The authors showed that anisokinetic sampling errors followed trends reported for purely
subsonic flows, and that the results of supersonic experiments could be correlated to subsonic experiments by using
the subsonic Mach number immediately downstream of the nearly normal bow shock wave standing off the inlet of
the anisokinetically operated probes in the supersonic flows.

Hack, et al., ref. 2-9, have compared soot particle sizes and concentrations obtained with extractive probes
to optically made measurements of the sizes and concentrations. These mcasurements were made in a research
combustor designed to provide all of the flow features of a gas turbine combustor, including recirculation in the
primary, swirling flame zone. Both hot and cold measurements were made, and many interesting and important
results were obtained. One result of significance was that, in hot flows, the morphology or forms of the soot
particles sampled wereaffected by the sampling conditions, or, specifically, the probe operating conditions. The
authors reported “platelet-like” soot particles (structires) and “tightly packed, puff-like” structures, depending on the
sample transport lempéfature and its codling rate in the sample delivery tubing (hereinafter called the sample flow
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train) connecting the probe tip to the gas/soot analyzers, specifically, to the filters used to strain the soot particles
from the sample stream. The “‘puff-like” structures or soot particies occurred with higher temperatures along the
extraction flow train. The authors concluded that “large particles” (5 micron) with puff-like sztructures could be
formed in the extractive sample flow train, specifically, on the filters. Although there were occasions when large
particles were observed optically in the freestream combustion gases, they were always present on the filters, and,
their number densities or concentrations were always greater on the filters. The formation of the larger particle sizes
on the filters was thought to occur from the deposition of pyrolyzing fuel fragments that form the microspheroids of
carbon particles in the chain-like structures. Basically, these structures fill up the 5 micron filter pores, and then they
continue to grow into the puff-like structures seen under microscopy. This soot-forming process in the extractive
sampling flow occurred when the flow temperatures were maintained along the flow train, that is, were not rapidly
quenched in the flow train by nitrogen dilution, for example. The authors conclude that the platelet-like structures
formed on the filters under conditions of “high cooling rates”, and were “likely as a product of rapidly condensing
heavily concentrated fuel pockets extracted in early stageé of pyrolysis”. This implies that what these researchers
were sampling was immature soot particles, that is, they were extracting soot in the process of being formed, and it
was not completely 'thermally conditioned nor partially oxidized by the combustion flow, as would be in a laboratory
burner, for example, where soot is sampled above the flame tip. This also has implications for sampling in
substoichiometric, fuel-rich flames and rocket plumes, because it implies that the rate of sample cooling and
quenching will affect the age of the captured soot, or, perhaps more appropriately, the stage of the soot in the soot
forming, chemical- kinetically controlled processes. Soot-sampling using intrusive probes in gas turbine
combustor exhaust flow has also been done by D. W. Netzer and his colleagues and students at the U. S. Naval
Postgraduate School in Monterey, California. Lohman, ref. 3-10, for example, also observed larger (up to 25
micron) agglomerated particles made from myriads of submicron (0.1 micron) diameter carbon particles. Lohman
discusses the observations of Hack, et al., ref. 3-9, who also reported such agglomerations. The effects of the probe
design, the sample cooling rate of non-intrusive, optical, laser-based gas-particle diagnostic methods. For example,
by Samuelson, et al, ref. 2-11, using purely optical techniques, to determine soot particle sizes and concentrations in
the research combustor fdr different fuels and fuel blends. Apparently, extractive probe sampling was not done.
However, this raises the question: what is measured by the optical method? Is it mature soot, or soot-like complexes
on their way to becoming soot, or what? The point here is that the optical method must also provide information
about the chemical and agglomeration state of the surveyed “soot” particle. Such measurements may be possible
combining simultaneous scattering, absorption, and spectroscopic signal analysis, based on multi-beam, multi-
frequency laser systems. However, it also seems possible and atiractive to develop ultra-rapid-quench sample
extraction probes, based on aerodynamically optimized shock-swallowing designs, with niirogen dilution. Such
extractive probes should ffeez‘e the soot or the pre-soot particulates in their freestream state, and hopefully, not cause
cither agglomeration/growth nor fragmentation of the captured particles. This is objective of the GSSP design

sought in the summer résearch project.

~ A

In a very closely rclated area, therc has been sustained interest in the rocket propulsion community to
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sample the particulate stream in the exhaust flow produced by burning aluminized propellants in solid-fueled rocket
motors. Misener and Kesscl, ref. 2-12 discussed measurements and characterization of particulate-laden solid-rocket
motor exhaust flows including a new design for an intrusive, particle-sampling probe based on isokinetic sampling
of supersonic exhaust by shock-swallowing methods. This probe design was implemented for use in particle
sampling studies for rocket exhaust at the U. S. Naval Postgraduate School, and its performance and results reported
by Laredo, et al., ref. 2-13, Eno, ref. 2-14, Kellman, ref. 2-15, Kim, ref. 2-16, and Racine, ref. 2-17. This probe
design confirmed the need to do isokinetic sampling in supecrsonic flows, and, it demonstrated that this kind of
sampling can be achieved with an internal jet-ejector system, Fig. 3, that essentially pumps the probe inlet flow,
thus swallowing the nose or inlet shock wave. In addition, by operating the jet-ejector system with dry nitrogen, the
sampled stream is inerted and cooled down by mixing with the ejector flow, on its way to the sample diagnostics
apparatus downstream in the sample flow train. Therefore, this aspect of the Phillips Lab isokinetic sampling probe

will be adopted for use in the design of the soot-sampling probe considered in the present summer faculty project.
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Lack of space (page count) precludes inclusion of a discussion of soot formation. A very brief list of

references the author found informative is presented below.
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4.0  Design Approach to Thermal Protection of the GSSP

Data on the thermal environment of the operational soot-capturing probe have been provided by Heirs, 11,
ref. 4-1, on output sheets from the VIPER code, ref. 4-2. Equilibrium and kinetic nozzle expansions were provided.
The parameters of importance are the stagnation and exit plane static flow conditions. The heat flow and heat flux
estimates can be based on equilibrium flow for convenience. The calculated data was tabularized to provide the
stagnation and exit plane static flow propertics of the exhaust gas. These propertics formed the basis for heat transfer

and gas dynamic design calculations.

Although the soot-capturing probe is designed as a shock-swallowing, isokinetic sampling probe, there will
be stagnation points and bow shock waves at various places on the probe. The heat flux of the probe tip will result

from stagnation point hecat wransfer. Therefore, probe tip stagnation point propertics were also required as reference
values. These were calculated from perfect gas supersonic flow rclations.

The preliminary design calculations for heat transfer indicated high values for stagnation point heat fluxes,
of the order of 4 kw/cm? for a 1/4” nose tip radius. In fact, manipulation of the equations showed that there was a
fundamental relationship Between the wall thickness at the probe stagnation point and the stagnation point radius of
curvature, R;,. For example, the stagnation point heat flux can be represented symbolically as:

qu - fR—n

where A is a dimensional constant that involves all the other factors such as enthalpy difference, etc. This heat flux
must be conducted through the nose wall thickness and then convected away by the cooling water flowing in cooling
channels behind the stagnation point or line. On the other hand, a general equation for the overall heat transfer
process of the watercooling of the leading edge or stagnation point is given by:

JN
.

wapm+ _ B
“ws =3,
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where B is a dimensional constant that incorporates the temperature difference across the nose cooling circuit, the

overall heat transfer coefficient, etc. 5 is the wall thickness at the stagnation point or leading edge. By setting the
w =

expressions for g, equal one has
s

B
O

i

or alternately RN=CS 2
w

where C is a combined dimensional constant. This equation means that as the nose or stagnation wall thickness
increases, the nose radius of curvature inéreascs as the square of this thickness. To put it another way, a small nose
radius of curvature will require very thin walls to conduct away the applied heat flux. Thus, small models, sharp
leading edges, small blunt noses, etc., will require very thin-walled construction, or face thermal destruction. If the
rocket exhaust carries particulates, the sandblast effect on thin walled probes could also be a crucial factor in the
probe survivability. Special surface hardening or coatings on the probe outer surface may be required to assist the
thin-walled probes to survive. The analysis showed that, under the given conditions, a 1/4” nose radius would
require wall thickness of about 0.06”, in copper, to handle the stagnation heat flux. This is pretty thin for a
structurally weak material such as copper. Thercfore, an alternate means of nose tip and stagnation line thermal

protection was needed.

An alternate method to ensure survivability of the probe in high heat flux and particulate-laden flows is to
use the cooling water as a thermal barrier by spraying it out of ports at the nose and stagnation line. In actuality,
that is the design approach recommended by the author for thermal and sand-blast protection of the soot capturing
sample probe: water sprays out of nose and stagnation line ports for evaporative cooling and particulate protection.
It will be necessary to account for, and in fact design for, some ingestion of the sprayed water by the soot capturing
probe. This is a design detail that can partly be designed using engineering principles and rules of thumb, or
engineering estimates, and partly, it will require experimental testing and development. Thus, test, modification, and

development of the soot capturing sample probe will be necessary.
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Estimates of Soot Flow Rate, Particle Number Densities. Particle Capture Rates,

Probe Flow Rates, Ftc.. in Hydrocarbon-Fueled Rocket Motor Exhaust

The thermal analysis of section 5 was done to obtain estimates of the heat loads expected on the probe as a

function of the probe geometry and size-scale. It is obvious that the amount of material ingested by the isokinetic

sampling probe will depend on the probe inlet area or probe size, and the exhaust flow conditions. Therefore, in

order to get ball park estimates of the amount of material ingested by the probe, and perhaps deposited upon filters,

the following equations and numerical evaluations were derived,

The calculations in this section are based on estimated exhaust flow exit static conditions. The relevant

theoretical estimates of important design variables are calculated below in the following subsections.

5.1

5.2)

5.3)

Rocket Exhaust Gas Mixture Flow Rate Per Unit Flow Arca

g=Pellg= (0.167) (2571) = 459.4 kg/m2s

Soot Mass Flow Rate Per Unit Flow Area

Using an estimated! nominal soot mass fraction of 1% by mass in the rocket exhaust

kg
= =Y.g=(0.01)(459.4) =459 ==
85 =Pgle s8 ( )( ) m2_s
Soot Particle Cloud Density
From 3.2.) we coinpute the soot particulate cloud density
PsUg= YsPele
" pg=Ygpe =(0.01)(0.167) .-
pg= 1.67x10_—3—k3§‘_—s"°‘— :
* m3 mixture
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5.4)

Soot Number Density

The number density of the soot particles in the rocket exhaust can be determined as follows. The soot

mass flow can be written

8s=Psug=mgNgu,

where mg is the mass of a single soot particle, and Nj is the number of soot particles per m3 of space.

Thus, by equating the cxpressions for g, get

Bs=mgNgue =Y g=Yspelle

Therefore,

Pe

Ns=YSm—g

Since

=C.ED:
mg=Cg Vg=Cg £ D3

where C, is the density of a single particle, then, by substitution

For the assumed diameter of the nominal soot particle size, of

Dg=0.0lpm =1x10"¥m

N
and, based on the density of amorphous carbon as

C¢= 1950 kg/m3

then, the computed number density, N, is

Y 6(0.01) (0.167) =1_64)(1018%

" (3.14)(1950) (1x10-8)> m

On a per cm3 basis
»4'.\ L

N, = LOI0I8 o jora Part i
* (1007 ~ om3
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5.5)

This value is certainly within range of measured soot particle densitics in exhaust gas flows, specifically in

the range

N ~(108_ 1012_""“)
s cm3

in a propane/O; flame.

Note that the volume of a single soot particle is

T —
Vg=%£D3=523x10"25 m3

and has a surface area of

Ag =mD2=3.14x10"16m2
p

A characteristic length for a soot particle is then

Lo=Vy/A =1.67x10"%m
for use in analyzing a soot particle thermally by a lumped system analysis.

Capture Rate for Number of Soot Particles in Isokinetic Sampling System

The volume of gas, per unit area, per second, in the exhaust flow is
V_
A=l

The number of particles sampled as a particle flux is then given by

v,
i Vv
Ng=Ng 2 =Ngu,

Numerically, for the rocket exhaust conditions specified this is

N =(1.64x1018) (2571) = 4.216x102! :];-Ls

This, of course, must yield the same mass flow rate per unit arca as obtained from the particle continuity
- oy
equation

g = mg = (4.216x1021) (1950) (3_-(;4)(1.:(10-3)3

oa

gs= 4303 kgm2-s
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5.6)

which is reasonably close to the previously computed value of

4.59 kg/m2 - s. Note also, that the mass of a single soot particle is

mg = gV, =(1950) (%)(1;(10—8)3 = 1.02x10~21kg
Operation Times to Fill Up Porous Filters with Captured Soot

Assume that a soot c-apturing filter is a porous sheet comprised of identical pores, with a porosity of

€= Ap/AF

The number of pores is then given by
N p= Ap/ap

where a, is the open area of a single pore. Then, by substitution

Ap=€AF
and
EAF
Ny=—-
P= 7,

Hence, with the porosity of the filter and its pore sizes specified,the number of pores is determined.
Assuming that each pore will fill up with n, soot particles, then the number of soot particles filling the

filter pores is

9 _npeAF
P™ ap

NSF is the number of soot particles sampled from beginning of the sampling process to the end, when the
filter clogs up. Therefore,
=NgbA

N

SE pri

had Y

where A, is the capture area of the sampling probe inlct, 8 is the capture efficiency of the probe, overall,

and s the sample period. By equating the expressions for Ngg

A

NSF=npr=Tp—=NSBApr[



5.7)

5.8)

Therefore, the sample period time, for operating the sampling probe is

_ np € AF

NgB Aprag
Thus, this equation is a system scaling equation, to assist in estimating how long the sample probe can be
operated (or for selecting the size (m?2) of filter required, etc.

Soot Surface Area in Sample Flow
The soot surface area in the sample flow can be determined on the basis of the sample rate. The surface

area per unit volume of mixture is given by

Ag.=Ng Asp =(1.64x1018) (3.14x10-16)

S

Ac =315 m2 soot surface
Ss T m3of sample collected

Because this surface area is quite large, it is apparent that cven a small fraction of it can result in complete

coverage of the soot deposition filters.

This is again an indication that the gas/soot sampling probe system may have to be quite large in volume,

and/or that the sampling times, t, will be rather short.

Estimates of Sample Time, t Based on Estimated Parametric Values for System Components
Based on an SEM photo of Nuclepore filters having Sum pore sizes, the porosity of the filter was

estimatedat 3. _

That is, it appears that particle capturing filters arc not very porous. Assuming a nominal size for the

sampling probe inlet (cross-sectional) capture arca diameter of one inch, or
Dpr=17=2.54""m

then the capture area for a shock-swallowing probe is

-

Ape =5 DJ=5.0674 m2

Assuming a filtér size of Im by 1m, or a filter-arca of
AF =1mZ ~ .
7-16




then the sample capturing times can be estimated as follows, based on the computed sampling flux rate,

Ns. calculated as

Ng =4.216x1021 P2
m<--S

Although the number of particles required to “fill up a pore”, np, will be difficult to estimate with accuracy,

a very simplistic value is given by

n,, times a projected particle area = ap (the pore area)

where, a, is the pore open area. For a “5Spm” pore size

_ 2 _ -6)2
ag=2(dp)*=0.7854 (5x1070)

or,

ap = 1.963x10"11 m2

The particle projected area for single 0.01 pm particles
particle projected area = ASpp = Asp/4

or,

=7.85x10-17 m2

Aspp

Therefore, we obtain

- _ —11 —17
np= ap/Aspp =1.9637"1/7.85x10

+
or, at a minimum,

n,= 250127 particles of 0.01pm diameter, to clog a Spm pore.

We have all the information required to compute t except B, the probe overall capture efficiency, which we

take as unity. Therefore, computing the sampling time t as the time taken to clog up a filter, we get

- _ “pv.8 AF _ GAF _ 48AF
Ny BAprap NSBApr Aspp NSBAprAsp
Heneg { is given by

.q - "

= (0.10) (1.0) (2.5x105)
(4.21x1021) (1.0) (5.0674) (1.963-11)
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t=597x10"% = 6x10~4 sec = 0.6 millisecond

Therefore, the 1m2 sample-capturing filter will clog up in less than a millisecond of gas/soot sample probe
operation time, for a 1”-diameter probe inlet in the rocket exhaust stream. If the probe inlet diameter is reduced to

1/4”, then Apr=3.17x1075 m2
For this probe size, i is computed as

i {0.1)(1.0)(2.5x109)
(4.21x1021)(1.0) (3.17x1075) (1.963x10-11)

t=9.5x10"3 seconds ~ 10ms

Thus, the sample or operation time increased from less than a millisecond to about 10 milliseconds. However, this
too is a very short sampling time. A quick calculation based on a 1/10th inch diameter soot sampling probe yields a
60 millisecond sampling time. Therefore, it is apparent that the soot sampling probe must be designed with a large
filter area, and also, it must be a dual operating mode probe. This dual operating mode design is outlined and
discussed in the following section.

The results of the heat transfer analysis and the capture rate calculations of sections 5 and 6, respectively,
indicated conflicting design requirements. To reduce heat flux maxima, the size of the probe should be relatively
large with relatively large nose and leading edge radius. of curvature. However, these cause the aerodynamics to
become a problem with detached shock waves, etc., and also, the mass ingestion rate by the probe becomes quite
large. |

Even with the use of water spray cooling through spray ports to permit aerodynamically sharp leading
edges, small nose radii, etc., the problem of significant mass ingestion and filter clogging remains a concern, unless,
the probe has a dual mode of operation. Basically, the dual mode of operation is this: the probe can be designed to
ingest a rocket exhaust flow isokinetically, using the concepts of the AFRPL and Naval Post-graduate School
designs for shock-swallowing, internal jet-cjector pumping and flow dilution, etc. This ingested stream is then
sampled isokirietically by a very much smaller internal sample tube that provides the much smaller sample to a filter
apparatus for microscopic analysis. Thus, the main part of the isokinctically sampled stream is captured, diluted,
partly water quenched dnd the considerable masses collected. From this strecam, however, a very much smaller stream
is withdrawn and sent to filters of appropriate diméﬁéibr‘\.
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Figure 4 shows a schematic of the dual mode concept for a soot sampling probe for rocket exhaust
applications. The concept utilizes the water spray thermal protection for the nose tip and the leading edge of the

support sting of the probe. Internally, dry N, is supplied to an internal, backward-facing ejectofijet system to help
pump the sampled stream and ensure shock swallowing operation. This N flow mixes with the sampled stream and

dilutes and partially quenches it. In the center of the probe is a much smaller isokinetic sampling tube that extracts a
very small part of the sample flow and delivers it to some type of filter arrangement. This tube can be 1/10” or

smaller in diameter, according to calculations made using the theory of reference 2-2, section 2.

Note that the sketch of Figure 4 shows that the nose tips or probe inlets are detachable. Therefore, nose
damage can be quickly repaired, or, alternate nose tip designs (geometry) can be quickly installed for experimental
development testing. Further, because of the spray cooling thermal protection arrangement, the probe can be
fabricated from thin-walled stainless steel for relative strength.

Details of the design concept shown in Figure 4 have been developed by the author and with the assistance
of a design engineer, work can begin on the engineering design and fabrication of this probe concept. A test plan for
this probe or one of even smaller scale, can be prepared so that experimental validation and development of the probe

may begin.

As a final remark, it should be noted that analytical models can be developed of the acrodynamic flow up to,
over, and internally in the probe. These models can range from one-dimensional stream tube flow with soot-
oxidation chemical kinetics, to elaborate, parabolized Navier-Stokes calculations, with shock-capturing, particle
dynamics and different real-gas or chemical kinetic composition models. Such models can help to analyze the probe
performance. However, the author recommends small-scale experimental probes be built and tested first, to justify
the practicality of the design, before elaborate analytical models are developed.

s

7.0 Summary

From the results of the present study, the author believes that requirement for a practical, soot sampling
probe for surveying hydrocarbon-fueled liquid rocket exhaust flows can be satisfied by a probe of the type illustrated
in Figure 4 of this study. The need to sample soot in such an environment had been established by R. S. Heirs, 111,
among others, and the author was given the opportunity to try to develop a potentially viable probe design with the
support of a 1994 Summer Faculty Project Research Position at the USAF Amold Engineering Development
Center, Amold AFB, Tennessee A dual-mode probe design concept is suggested based on shock-swallowing,
isokinetic sampling prebe designs that have been reported in the literature. The dual-mode probe concept is an
extension and modiﬁc&ﬁbn, or adaptation of these dgsigns. It is suggested that a prototype probe be built to a small
scale that can be affordably tested and the design verified. Following the experimental development, larger scale
probes could be designed and built with confidence, together wuh analytical models of such probes.
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Abstract

Icing occurs on the forward-facing surfaces of aircraft when they encounter clouds of
supercooled water droplets. The rate and nature of the ice accreting on the surface are functions
of the flight speed and altitude, aircraft configuration, cloud liquid water content, water droplet
size and distribution, and ambient temperature. Icing clouds can either be stratus or cumulus.
The former type has a large horizontal extent and depth, a moderate liquid water content, and
an altitude of 5,000 ft. Cumulus clouds, on the other hand, have a small horizontal extent, a
large liquid water content, and an altitude of 10,000 ft. Temperature and droplet size are similar
for both types of clouds, however. ’

The object of this research effort is to develop a semi-empirical model for determining
the local heat transfer and ice accretion rates on the surface of an airfoil under a host of
scenarios that involve changing the flight speed and altitude, cloud liquid water content, water
droplet size and distribution and ambient temperature. The model is general enough to handle
both the leading edge and aft regions of the airfoil under laminar and turbulent flow conditions.
The model is also capable of handling conditions that involve equilibrium surface temperatures
near the freezing point so that freezing, condensation, sublimation, and evaporation can occur

simultaneously.




A MODEL FOR LOCAL HEAT TRANSFER AND ICE ACCRETION
IN HIGH SPEED SUBSONIC FLOW OVER AN AIRFOIL

S. A. Sherif
Introduction

Icing of an aircraft occurs when it flies through a cloud of small supercooled water
droplets. A portion of the water droplets impinges on the aircraft components and results in ice
formation. The growth of ice on an aircraft wing results in a sharp increase in drag and a
reduction in lift. This causes a deterioration in the aerodynamic performance of the aircraft.
From a thermodynamics stand point, however, two types of ice accretion mechanisms have been
identified, resulting in two physically and geometrically different formations. For low liquid
water content, air temperature, and flight speed, the accreting ice is characterized by a white
opaque color and a low density (less than 1 gm/cm’®). This formation is called rime ice and is
more likely to occur on relatively streamlined shapes extending into the incoming air. Rime ice
forms upon impact of the water droplets with the surface and is characterized by a freezing
fraction of unity. When both the liquid water content and the flight speed are high, while the
air temperature is near freezing, the resulting ice formation will be characterized by a clear color
and a density near 1gm/cm®. This mechanism of formation results in glaze ice which is usually
associated with the presence of liquid water and a freezing fraction less than one.

Early work on aircraft icing was characterized by disagreement on the physical processes
responsible for ice formation. Taylor (1940) was the first to develop the differential equation
governing droplet trajectories for the special cases of constant drag coefficient and Stokes low
drag. Glauret (1940) determined the local collection efficiencies by combining the droplet
trajectories obtained by Taylor (1940). Extensive research on aircraft icing began during World
War II and continued through the mid 1950’s. For example, Langmuir and Blodgett (1946)
presented their landmark work in the area of droplet trajectory calculation shortly after the end
of the War. However, research slowed down significantly towards the end of the 1950’s and
throughout the 1960°s. In the early 1970’s, Japan and Canada began an ambitions progrim with
a particular emphasis on the thermodynamics of the ice accretion process. Recent work on the
subject includes that of Kirby and Hansman (1986), Van Fossen et al. (1984), Pais et al. (1988),
Lozowski and Olsekiw (1981), Bragg and Gregorek (1983), Bartlett and Foster (1990), Wright
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et al. (1988), Newton et al. (1988), and Cebeci and Besnard (1994).

The objective of this effort is to develop a generalized model capable of describing the
local heat transfer and ice accretion rates on an airfoil surface under a host of environmental
conditions. Heat transfer and ice accretion rates are influenced by the air speed and
temperature, liquid water content, droplet size and distribution, and body geometry. The model
presented here permits a parametric analysis of the local heat transfer and ice accretion rates for
different scenarios of freezing/sublimation/evaporation combinations for both laminar and

turbulent flow conditions along the airfoil surface.

Analysis
The analysis described in this section is based on the assumption that the rate of energy

added to a section of an airfoil equals the rate of energy removed from the same section. This
analysis can later be used in a quasi-steady state context in which steady state conditions are
allowed to exist for sufficiently small time intervals. Computing future values can then proceed
utilizing those values computed from the previous time step.

The energy added comprises terms which are due to freezing, aerodynamic heating,
droplet kinetic energy, and external sources (such as the deicing heater). The energy removed,
on the other hand, includes terms which are due to convection, evaporation, sublimation, droplet
warming, and aft conduction. The analysis will be carried out for an airfoil for both the leading
edge and the after body regions. In general, either the flat plate approximation or the wedge
flow approximation may be used for purposes of computing the heat and mass transfer rates.
This analysis utilizes the flat plate approximation for the two extreme cases of laminar and
turbulent flow. The analysis will be general enough to handle both low speed flows as well as
high speed subsonic compressible flow conditions.

Figure 1 illustrates the different modes of energy transfer to and from an accreting ice
surface which is representative of the leading edge of an airfoil. The steady state energy balance

can be expressed as:
qf+qaero+qdrop+qext=qc+qc+qsub+qwarm+qaﬂ (1)

The heat flux to the surface due to the freezing of the impinging water may be expressed by:
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('If = Ih"f [)"f + Ci(tfz - ts)] (2)

where ', is the mass flux of the fraction of water impinging on the surface and freezing into

ice. Assuming that the freezing fraction, n;, is defined by:
ne =1’ /1 ©))

then the local mass flux of water impinging on the surface and freezing into ice may be

expressed by:
m’, =n WV, )

The local collection efficiency, 3, is defined as the ratio between the locally impinging
droplet flux and the freestream droplet flux. This efficiency is governed by the ratio of the
inertia of the impinging droplets and their aerodynamic drag. Aerodynamic drag exists because
of the freestream flow field disturbance created by the airfoil. The local collection efficiencif
is primarily a function of the droplet size and distribution, water density and viscosity,
freestream velocity, airfoil geometry, and angle of attack. This local collection efficiency may
actually be viewed as a dimensionless mass flux of the water impinging at a particular location
on the airfoil surface. Bragg (1982) reports that the nondimensionalization of the local collection
efficiency is done with respect to the mass flux in the freestream. Thus, a collection efficiency
of unity may simulate the dimensionless mass flux on an imaginary flat plate (that does not alter
the freestream flow) placed perpendicular to the freestream.

Computing the local collection efficiency can be accomplished in a number of ways. For
example, Brun et al. (1953 a,b) presented 3 for three types of airfoils at a 4° angle of attack as
a function of the droplet Reynolds number, the profile distance s/L, and the reciprocal of the
inertia parameter K'';. The inertia parameter has been reported in the literature according to the

following equation:

20, V. ®)
Lp

2
KT=—9"

However, this method requires that the droplet Reynolds number and inertia parameter be

computed everytime there is a need to compute the local collection efficiency. Langmuir (1946)
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used a modified inertia parameter, K;  to scale the local collection efficiency data to be

applicable for any Reynolds number. The modified inertia parameter is defined as:
K, = Kp (n/ny) ©6)

Here /7, represents the ratio of the trajectory of a droplet in still air with an initial Reynolds
number and no gravity divided by the same droplet trajectory if the drag is assumed to obey
Stokes law. In general, closed form expressions for the modified inertia parameter can be found
if an integrable form of the droplet drag coefficient is available (Bragg, 1982). Putnam (1961)
developed such an equation for the drag coefficient and used it to obtain the following algebraic
expression for the modified inertia parameter:

Rel/3
K;, = 18K; [Re;”’ - /6 Reyl, tan (—%’3)] 7
’ 6

The above equation is valid up to a droplet Reynolds number of 1000. An alternative

approximate equation for K; , was given by Bowden et al. (1964) according to:

.6 1.6
K. =187 x 107 L V. Garp ®)
»0 : neg 12 04
P L

where the units of the variables given in Equation (8) are knots for the velocity, Ib,.s/ft* for the
dynamic viscosity, ft for the chord length, 1b_/ft* for the density, and ft/s* for the gravitational
constant. Equation (8) gives values within +5% for droplet Reynolds numbers ranging from
25 to 1000. The modified inertia parameter will be computed using Equation (8) for purposes
of the model described here. The local collection efficiency can then be computed employing
the graphical relationships given in several references for a number of airfoils at different angles
of attack as a function of the distance along the airfoil surface and the modified inertia parameter
(see Brun et al., 1953b for the NACA 65A004 airfoil, and Brun et al., 1953a for the NACA 65-
208 and 65-212 airfoils). -

The heat flux to the surface due to aerodynamic heating may be expressed by:
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th V;

= %)
Gacro 2gJe,
where the boundary layer recovery factor, r, is given by Hardy (1946) as:
r={1-(V{/ V) -P™] (10)

The constant n, is equal to 1/2 for laminar boundary layers and 1/3 for turbulent boundary
layers. The local velocity at the outer edge of the boundary layer is usually given as a function
of the chordwise distance of the airfoil. For example, Bowden et al. (1964) gives the ratio of
the boundary layer edge velocity to the freestream velocity as a function of the ratio between the
chordwise station to the airfoil chord length for the NACA 65, -208 and 65,-212 airfoils.
Knowledge of the boundary layer edge velocity enables computing the pressure, temperature,
and density of air at the outer edge. This can be accomplished employing the following relations
which are particularly applicable for high speed flows where the freestream Mach number is
larger than 0.3 (Johnson, 1947):

V ——Y——
B, l_'_le 1“_le____1 ¥-1 (11)
. 2 2 V.
y-1
I _(B)y 12)
T, |\p.
1
P _(Pi)y (13)
pw puo

For some airfoils, the coefficient of pressure along the surface may be available in lieu
of the velocity ratio V,/V,, (see for example Abbott et al., 1945). In this case the pressure ratio

should first be computed using the following expression:



—=1+-‘2’-M§,c (14)

The velocity at the outer edge of the boundary layer should then be found using the equation:

Vi |2
v, y-1 M,
The temperature and density outside the boundary layer can still be determined employing

Equations (12) and (13).

The convective heat transfer coefficient, h,, is usually evaluated using empirical formulas

y-1

b ¥ (15)

L]

1+Y_‘1 2 _
(Z)Mm (

appropriate for the geometry and the flow regime. Two approximations are commonly employed
for purposes of computing the heat transfer coefficient for airfoils. The first is known as the
flat plate approximation whereby the leading edge of the airfoil is replaced with a cylinder while
the afterbody is replaced with a flat plate (Boelter et al., 1948 and Martinelli et al., 1943). This
approximation is most accurate for full-scale thin airfoils in high-speed flows with long heating
lengths (Sogin, 1954). The second approximation is the wedge flow approximation which is
particularly useful for the entire laminar flow regime including both the leading edge and aft
regions. The fluid properties are usually evaluated at the average temperature between the
surface and the freestream, t; (unless otherwise stated).

Schmidt and Wenner (1943) presented the following equation for computing the local

convective heat transfer coefficient at angle ¢ from the stagnation point on a heated cylinder:

Nu, = 1.14 Reg’ pro* { 1- |9%)3 (16)

where 0< ¢ < 90°. When applying Equation (16) to an airfoil, the leading edge having a
radius of curvature of d/2, is replaced by the cylinder diameter, d. The latter quantity is

commonly expressed as the ratio d/L. The angle ¢ can be expressed as:
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¢ = nd

Substituting the expression for ¢ from Equation (17) into the Nusselt number expression of
Equation (16) and replacing the cylinder diameter by the chord length as the characteristic

distance in the Nusselt and Reynolds number terms, the following expression can be obtained:

35 3
Nu, = Re® Prod 114 (L] - 2353072 (=] (2 (18)
d i (T

For the after region of the airfoil, two possibilities exist depending on the flow regime.

For laminar flow, Martinelli et al. (1943) proposed the following equation:

S

o

v 0.5 0.5
Nu, = 0.286 Rep’ [_V_l] (L) (19)

For turbulent flow, the Nussett number expression in the after region may be written as:

V. \08 02
Nu, = 0.0296 Pr'® Rep® (-V—‘) (-I:) (20)
S

Once the Nusselt number has been computed, the convective heat trasnfer coefficient may
be determined for a given air thermal conductivity. Bowden et al (1964) gave the following

expression for the thermal conductivity:

1.5
- 0001533 (T/18) on
T/1.8 + 245.4 (1071218

where T is in °R and k is in Btu/hr.ft.°F. The heat flux to the surface due to droplet kinetic

energy can be expressed as follows:

. 2
m; Vi

(22)

Qarop = 2gJc,

Terms included in the above equation have been described earlier in the analysis. External

sources of input energy to the airfoil (such as the deicing heater) are incorporated in the analysis

8-9



in the interest of making the model more general. This term has to be specified a priori.

The analysis described so far covered all terms contributing to increasing the energy
content of the airfoil. As mentioned earlier, there are primarily five mechanisms that contribute
to energy losses from an airfoil; convection, evaporation, sublimation, droplet warming, and aft
conduction. Since the analysis presented here is intended to treat both the leading edge and
afterbody regions, the aft conduction term will be ignored. This term is more relevant to
analyses pertaining to the leading edge region only.

The convective heat flux from the airfoil surface may be written as:

g, = h, (t, -t) 23)

Terms in Equation (23) have all been described earlier. The temperature t, at the outer edge of
the boundary layer can be computed from Equation (15). Evaporation and sublimation from the
airfoil surface are unlikely to occur simultaneously unless the surface temperature is in the
vicinity of the freezing point and both ice and water are simultaneously present. Messinger
(1953) provided a detailed analysis of the equilibrium temperature of an unheated icing surface
for several scenarios of dry and wet icing conditions. The model described here deals with the
general case of partial freezing (as expressed by the freezing fraction n;) as well as partial
evaporation and partial sublimation. In other words, the analysis takes into account the
possibility that evaporation and sublimation would occur simultaneously.

Liquid water present on the airfoil surface may be a direct result of water impinging on
the surface or it may be due to melting of some of the ice already in existence. Ice melting may
occur due a variety of reasons such as aerodynamic heating, droplet kinetic energy, or the
deicing heater. In order to contain the complexity of this model, liquid water present on the
surface will be assumed to result solely from direct impinging. Since the freezing fraction
represents the portion of the impinging water freezing into ice, the remaining amount should
represent the portion that remains as liquid. This may be mathematically expressed by the

following equation:
m, =, - m; (24)

In general, some of the liquid present on the surface would evaporate, while some of the

ice would sublimate. In order to account for these two possibilities, two additional quantities
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will be defined; an evaporation fraction n, and a sublimation fraction n,. These terms may be

mathematically expressed as follows:

m 111 m, m
ne =._-———" e = _—?'- = ___———" i - = - ¢ (25)
M max m, m; -m; m1(1 - nf)
m" n.lll m”
n = _____s.—= _._s = § (26)

The maximum amount of water that can be evaporated (or the evaporation potential) is equal to
the amount of liquid water present on the surface and can be expressed by the following equation

according to Sogin (1954):

b oy = 2| My PP P @7
RT,| M, |py - Py \P=) Pr7 Poy

The above equation assumes that the water vapor behaves like a thermally perfect gas which
allows the thermodynamic properties of the vapor to be calculated as though the air were not
present. It also allows the densities of the water vapor at the airfoil surface and at the boundary
layer edge (o, and py 1, respectively) to be evaluated in terms of the partial pressures of the
vapor (so that p, = p/@R,T)). Equation (27) also accounts for the influence of induced
convection. Since the sum of the partial pressures of the air and water vapor is virtually
uniform across the boundary layer, along any normal to the surface, a decrease in the vapor
partial pressure would increase the air partial pressure and cause the air to diffuse toward the
surface. However, since the air cannot penetrate the surface, a counter convection of air takes
place, thus resulting in removing additional vapor from the vicinity of this surface.

The water vapor pressure terms appearing in Equation (27) can be computed using
empirical correlations. For the temperature range 492 <T< 672°R, Pelton and Willbanks

(1972) provided the following equation: -
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5.19 A'
Py = 2117 (917,3) exp [ -9.06 (—T— -~ 1.4525) } (28)

where T is in °R, p,,, is in Ib/ft? absolute, and A, is the latent heat of vaporization which can

be expressed by:
A, = 13523 - 0.5696 T + 0.0839 x 107 T? + 0.0927 x 107 T° (29)

For a supercooled liquid at a temperature less than 492°R, Dorsey (1940) provided the following

correlation:

Pow = 2117 exp
\ (30)

230A, + A, . A, ((T/1.8)°-A) (10[A4((T/1.8)2-A7)2]_1)+ Al O[A6(374.11—(Tll.8))5/4])
(T/1.8) (T/1.8)

where the constants are as follows: A, = 5.4266514, A, = -2005.1, A, = 1.3869 X 10%, A;
= 1.1965 x 10", A, = -4.4 X 103, A; = -5.7148 X 103, and A, = 2.937 X 10°.
The mass transfer coefficient, h,, may be related to the heat transfer coefficient, h,

employing the Lewis analogy. This gives:

b, = b,/ (pe, Le?*) = b/ [ pe, ()] 31)

The coefficient of mass diffusion of water vapor in air, D, may be computed using the following
empirical raltionship (ASHRAE, 1993):

_ 0.00215

D [ T2 ] (T + 441)] (32)

where the pressure is in psia, the temperature is in °R, and the diffusion coefficient is in ft*/hr.
The specific heat at constant pressure of air, c,, may be computed using the following

correlation (Keenan and Kaye, 1961): -

c, = 02318 + 0.1040 x 104 T + 0.7166 x 1078 T? (33)

Again, T is in °R, while ¢, is in Btu/Ib,.°F. The above correlation is valid in the range
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400 <T <1700°R. The heat flux leaving the surface due to evaporation may, thus, be expressed
by:
4, = A, 1, 34

Similarly, the maximum amount of ice that can be sublimated (or the sublimation

potential) is equal to the amount of ice present on the surface and can be expressed by:

M, Pi (Pv=) P (35)
Ma pl - pv,i P pl _pv,i

where the partial vapor pressure at the surface over ice was given by Dorsey (1940) as:

= - = h, py
ms,max f Ra Tf

Pyi = 2.7845 exp 6

[2.3 {(T]/Bll.8) + 0.4343 B, log, (T/1.8)+ B, (T/1.8) + B, (T/1.8)*> + B }
and the constants are: B, = -2.4455646 x 10°, B, = 8.2312, By = 1.677006 x 102, B, =
1.20514 X 105, and B; = -6.757169. The resulting vapor pressure is in Ib/ft* absolute.

It is important to note, in applying Equation (35) to compute the rate of sublimation, that
the mass and heat transfer coefficients were assumed to remain unchanged vis-a-vis ice and
water. This assumption, although not exact, is not totally inaccurate based on experimental

evidence. The heat flux due to sublimation can similarly be expressed by:

qsub = m;l A‘s (37)

The heat flux leaving the surface due to droplet warming may be determined using the equation:

qwarm = m“: Cw (tfz - tl) (38)

The equilibrium surface temperature can, in principle, be determined by solving Equation (1)
after substituting the corresponding expressions for the different heat flux terms. Since it is
difficult to solve the resulting equation for t, in closed form, an iterative procedure may be used.
This procedure can proceed by assuming a trial value for t, and solving for the net heat flux and

continuing the iteration until the net heat flux becomes zero. The model presented may also be
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used by specifying a value for the equilibrium surface temperature a priori and determing the

conditions necessary to satisfy that equilibrium temperature.

Method of Solution -

The model described above requires knoweldge of the following variables a priori:
Freestream static pressure (altitude pressure) p,,, freestream static temperature t.,, flight speed
V., or flight Mach number M, cloud liquid water content W, volume median droplet diameter
dgrp, airfoil configuration and angle of attack, equilibrium surface temperature t, evaporation
fraction n,, and sublimation fraction n,.

For a given airfoil, the ratio of the boundary layer outer edge velocity to the freestream
velocity V,/V,., may be obtained as a function of the nondimensional chordwise distance x/L.
Knowledge of V,/V, and the freestream Mach number can then be used to compute p,/po,
T,/T,, and p,/p, from Equations (11), (12), and (13), respectively, as functions of the
chordwise distance. The velocity, pressure, temperature, and density profiles can be converted
to their counterparts in terms of the nondimensional profile distance s/L using the method
described by Falkner (1953). The modified inertia parameter K, can be obtained from
Equation (8) knowing the flight speed V,,, volume median droplet diameter d,,, airfoil chord
length L, and freestream air density p,, and dynamic viscosity u. The local collection efficiency
B can be computed for the airfoil in question knowing the modified inertia parameter, angle of
attack, and nondimensional profile distance s/L (see for example Brun et al., 1953 a,b).
Knowledge of the local liquid water content W enables computing the local impinging droplet
flux as a function of the nondimensional profile distance s/L.

The evaporation potential (or the maximum rate of evaporation) can be determined using
Equation (27) as follows. First, the coefficient of mass diffusion of water vapor in air D is
obtained from Equation (32) at the average boundary layer film temperature t,. The convective
heat transfer coefficient h, is then found for both the airfoil leading edge and aft regions. For
the leading edge region, h, is determined from Equation (16) as a function of the angular
position from the stagnation point, ¢, and for the aft region from either Equations (19) or (20)
based on the flow regime. The mass trasnfer coefficient h, is then determined using the Lewis
analogy [Equation (31)] and the knowledge of h, and ¢,. The air specific heat is found from

Equation (33) at the film temperature t;. The vapor pressure over water at the surface
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temperature t; can then be found from Equation (28) if t,=32°F or from Equation (30) if
t,<32°F. The vapor pressure at the freestream p, ., can be found in a similar manner employing
either Equation (28) or (30) depending on the value of t,. The evaporation potential (also equal
to the mass flux impinging on the surface and remaining as liquid) is then determined employing
Equation (27). The actual evaporative mass flux is computed from Equa{tion (25) knowing the
evaporation fraction n.. The evaporative heat flux leaving the surface can be computed using
Equation (34) knowing the latent heat of vaporization N.. This latter quatity is, in turn, found
from Equation (29) at the surface temperature t,.

In a similar manner, the sublimation potential (also equal to the mass flux impinging on
the surface and freezing into ice) can be found using Equation (35) knowing the vapor pressure
over ice p,;. This latter quantity can, in turn, be found employing Equation (36) at the surface
temperature t,. The actual mass flux subliming, can be determined from Equation (26) with the
knowledge of the sublimation fraction n,. The heat flux due to sublimation can be found from
Equation (37) knowing the latent heat of sublimation A;.

Since the mass flux impinging on the surface and freezing into ice is assumed equal to
the sublimation potential, the freezing fraction n; can now be determined employing Equation
(3). The heat flux due to freezing is found from Equation (2) knowing the latent heat of fusion
of ice A, and the specific heat of ice c;.

Determination of the heat flux due to aerodynamic heating may be accomplished using
Equation (9) knowing the boundary layer recovery factor r. This factor is, in turn, found from
Equation (10) with the knowledge of the velocity ratio V,/V, and the Prandtl number.
Naturally, the recovery factor is a function of the local position on the airfoil surface. The
Prandt] number depends in part on the thermal conductivity of air which can, in turn, be
determined from Equation (21) at the boundary layer film temperature t.. Determination of the
heat flux due to droplet kinetic energy is relatively straightforward using Equation (22). Also,
the convective heat flux can easily be determined from Equation (23) knowing b, and t,. And
finally, the heat flux due to droplet warming is found from Equation (38) knowing and the liquid

water specific heat c,,.

After all the heat flux equantities have been determined, the heat balance at every
position on the airfoil surface should be checked to ensure that Equation (1) is always satisfied.

If that is not the case, another value of t, should be assumed and the procedure repeated until
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Equation (1) is satisfied.

Conclusions

The preceding analysis provides the basis of a relatively general semi-empirical model
capable of analyzing the energy and mass balances over the surface of aﬂy airfoil in high speed
subsonic compressible flow for both laminar and turbulent conditions. The model determines
the different mass and energy fluxes by assuming a priori knowledge of an evaporation fraction
n, and a sublimation fraction n,. Based on the assumption that evaporation and sublimation may
occur simultaneously and that the only source of liquid water present on the surface is direct
impinging (as opposed to ice melting), the freezing fraction n; is computed. The model allows
for a continuous check on whether the surface temperature selected upfront is indeed the
equilibrium temperature. This check is possible for every point on the airfoil surface and thus
leaves the door open for the variability of the surface temperature along the surface. The model

does not account for chordwise conduction, however.

Nomenclature

A surface area, ft®

A-A, constants defined by Equation (30)

a droplet radius, ft or microns

B,-Bs constants defined by Equation (36)

C specific heat of ice, 0.485 Btuw/lb,, . °F

c, specific heat at constant pressure of air, Btu/lb, . °F
C, pressure coefficient, dimensionless

C, specific heat at constant volume of air, Btu/lb,, . °F
Cw specific heat of liquid water, 1 Btu/lb.°F

D coefficient of diffusion of water vapor in air, ft*/hr

d diameter, ft

Qyrop volume median droplet diameter, ft or microns

g gravitational constant, 32.17 Ib,, . ft/lbs?

h, local convective heat transfer coefficient, Btu/hr.ft*.°F
h, local mass transfer coefficient, ft/hr

J mechanical equivalent of heat = 778.26 ft.Ib/Btu

k thermal conductivity of air, Btu/hr.ft.°F

K

T inertia parameter, dimensionless )
Kr, modified inertia parameter, dimensionless
L airfoil chord length, ft
Le Lewis number, Sc/Pr or o/D, dimensionless
M. freestream Mach number
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pv,i
Pvw
pv,l
Py,

molecular weight of dry air, 28.966 1b/1bgere
molecular weight of water vapor, 18.0160 1b/1byge

local mass flux evaporating from the surface, Ib,/ft*.hr

evaporation potential, Ib,/ft?. hr

local mass flux of water impinging on the surface and freezing into ice, Ib,/hr. ft*
Jocal mass flux of water impinging on the surface, Ib,/ft.hr

local mass flux impinging on the surface and remaining as liquid water, 1b,/ft*.hr
local mass flux subliming from the surface, Ib,/ft>.hr

sublimation potential, Ib,/ft>.hr

evaporation fraction, dimensionless

freezing fraction, dimensionless

sublimation fraction, dimensionless

constant equal to 1/2 for laminar and 1/3 for turbulent boundary layers
Nusselt number based on cylinder diameter, hd/k, dimensionless
Nusselt number based on chord length, h L/k, dimensionaless
Prandt] number = puc,/K, dimensionless

Jocal static pressure at the outer edge of the boundary layer, psia
water vapor pressure over ice, psia

water vapor pressure at the surface, psia

water vapor pressure at the outer edge of the boundary layer, psia
water vapor pressure at the freestream, psia

static pressure at the freestream (altitude pressure), psia

local heat flux from surface due to aft conduction, Btu/hr. ft?
local heat flux to surface due to aerodynamic heating, Btu/hr.ft?
local heat flux from surface due to convection, Btu/hr. ft?

local heat flux to surface due to droplet kinetic energy, Btu/hr. ft?
local heat flux from surface due to evaporation, Btu/hr. ft?

local heat flux to surface due to external sources, Btu.hr.ft*

Jocal heat flux to surface due to water freezing, Btu/hr. ft?

local heat flux from surface due to sublimation, Btu/hr.{t?

local heat flux from surface due to droplet warming, Btu/hr.ft?

boundary layer recovery factor, dimensionless

gas constant of water vapor, 85.778 ft.lb/1b,.°R

gas constant of dry air, 53.352 ft.lb/lb,. °R

Reynolds number based on cylinder diameter, pV.d/p
Reynolds number based on droplet diameter, pV, durop/ P
Reynolds number based on chord length, oV, L/p
distance along airfoil surface measured from leading edge, ft ;
upper surface impingement limit, ft

lower surface impingement limit, ft

Schmidt number, »/D, dimensionless

average temperature between surface and freestream, °F
freezing temperature of water, 32°F
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t equilibrium surface temperature, °F

t; local static temperature at the outer edge of the boundary layer, °F
to freestream temperature, °F

T absolute temperature, °R

V. freestream velocity, ft/s )

Vv, local velocity at the outer edge of the boundary layer, ft/s or knots
W cloud liquid water content, gm/m’

o thermal diffusivity, ft*/hr

B local collection efficiency, dimensionless

¥y ratio of specific heats c,/c,, 1.405 dimensionless

© dynamic viscosity of air, slug/ft.s or Ib,/ft.hr

y kinematic viscosity of air, ft*/hr

e latent heat of vaporatization of water, Btu/lb,,

A latent heat of fusion of ice, 144 Btu/lb,,.°F

A latent heat of sublimation of ice, Btu/lb,

] trajectory of a droplet in still air with no gravity

75 trajectory of a droplet assuming drag to obey Stokes law

Ow density of liquid water, Ib,/ft* or slug/ft’

01 local air density at the outer edge of the boundary layer, slug/ft’ or Ib/ft’
Do freestream air density, slug/ft® or Ib,/ft’

¢ angle from the stagnation point of airfoil, degrees
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DIMENSIONAL ANALYSIS OF ARC HEATERS

Michael Sydor
Professor of Physics
Department of Physics
University of Minnesota-Duluth

Abstract

A predictive equation for the operation of arc heaters was developed using non-
dimensional Pi parameters. It was shown that the gross efficiency of a heater can be
expressed in terms of heater length, its throat diameter, and the effective length of the
air column heated by the arc's discharge path. This together with non-dimensional
expressions for sonic flow and centerline enthalpy allows us to predict the voltage and the

current necessary to operate a heater at a given pressure and desired heat output.

9-2




DIMENSIONAL ANALYSIS OF ARC HEATERS

Michael Sydor
Introduction:

In a complex physical system we often know the trends between physical
variables but lack their precise relationship. Dimensional analysis helps establish these
relationships by using non dimensional Pi relations.1 Here, we consider data for several
segmented arc heaters and attempt to characterize their operation independent of physical
size.

The heaters ranged from 8.85 inch length and 0.9 inch diameter, to 64 inch
length and 2 inch diameter. Power drawn by the heaters ranged from 0.8 to 32
megawatts. All arcs operated using air. A consistent data base for the heaters and the
theoretical formulation of the problem was developed by Horn, Felderman and
MacDermott of AEDC. We broaden the problem to include data on the lateral excursion of
the arc from the heater centerline.2 Data on arc excursions shows that heaters lack
longitudinal uniformity because confinement characteristics of the arc change with the
distance from the anode. The data also shows that in long heaters, tangential injection of
mass tends to confine the arc's excursions to a cylinder with a diameter equivalent to the
heater throat diameter. Both of these effects appear to play an important role in heater
efficiency and suggest that an analytical description of arc heaters should include terms
that describe the effects of the arc's longitudinal instability and account for its
hydrodynamic confinement. We use this information to guide us in the construction and

selection of Pi parameters.
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Methodology:

We begin by considering the Buckingham Pi theorem.! The theorem requires that
the number of non-dimensional Pi terms equal the number of variables less the number
of fundamental dimensions. In our case, we have nine variables: thermodynamic variables
of pressure, mass flow, and enthalpy, P, m' and H; physical variables of heater length,
heater diameter and throat diameter, L, D and D*; electrical variables of voltage,
current, and resistance, V, |, and R. There are four fundamental dimensions: mass,
length, time and electric charge. Thus we require five Pi terms. The first eight variables
are explicit in the data base. The electrical resistance is implicit through Ohm's law.
Calculation of R involves integration over some internal distribution of enthalpy and
electrical conductivity. Thus, the description of R in terms of Pi parameters will have to
include an internal property such as the centerline enthalpy.

In our search for fundamental Pi parameters, we rely on physical relations and
processes pertinent to arc heaters.

To begin with, there are three length measurements. These can provide two Pi
terms from a choice of L/D, D/D*, and L/D*. We will see that for reasons of confinement
mentioned above, L/D* will be most useful.

Classical thermodynamics suggests a variety of Pi terms based on turbulent mass

flow. Felderman and MacDermott identified a sonic flow parameter, Pi,, as the most
useful. The parameter is given by:

Pim = PD*2/(m' Ho1/2)
where Hg is the average enthalpy of a heater, and the remaining variables are defined
above. For ideal gas Pin, is constant and specifies the state of dynamic equilibrium for
ideal gas flow. In arc heaters Pin, is a weak function of enthalpy. Felderman and
MacDermott found a pressure independent correlation of Piy, with the average enthalpy.

They show that for operation in air:
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PD*2/(m' Ho1/2) = (H,/Ho)0-0837 (2.18%)

where H, (494.2 Btu/lbm) is the reference enthalpy for air.

Another correlation for Piy comes from the dimensionless ratio P/poHo . This
ratio is derived from the definition of enthalpy:

H=U+Pp

where U is the internal energy per unit mass, and p denotes the density of air. For ideal
gas, U is a function of temperature only, and P/pH is constant. For heaters, P/poHo
correlates with the average temperature to within 6%, while P/po tracks the average
temperature of heaters to within 1.5%. The ratio P/poHp can be used in correlation with
sonic flow because m' = D*2pv and mHg ~ mv2/2, where v is the mass flow velocity. We

found a correlation of sonic flow parameter and P/pgHg according to:

PD*2/(m' Ho1/2) = 1.67(PlpoHo)0-4 (2.13%)

Felderman and MacDermott further identify a voltage Pi parameter they needed

in the solution of Ohm's law. The voltage parameter is given by:

Piy = (V/L)(Do/PHc)1/2

where o is the average electric conductivity, and Hg is the corresponding centerline

enthalpy. Centerline enthalpy is derived from a mass weighted integration of an internal
distribution of enthalpy in a heater. The integration procedure chosen assumes the square

enthalpy profile shown below, and is carried out under the condition that the integral
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must yield the average enthalpy Hp, and that a concurrent integration for ¢ satisfies

Ohm's law:

[ p(r,P,H) vH(r)2rrdr = sD2pgvHo/4
and
4/2D2 [ o(r,H,P)2xrdr = o
such that

V/l =4L/rD26

A

Ho

Da

Integration Profile

The integration profile allows for a variable boundary layer Da, at the heater wall. The
boundary layer is adjusted until the above integration conditions are met. Using this
integration procedure, the subsequently calculated Piy correlates with the actual voltage
to within ~10%. However, the corresponding correlation for current | show a ~ 14%

r.m.s error. Furthermore, Piy was somewhat sensitive to data subsets, possibly because
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one data subset contained a preponderance of short heaters. We questioned the dependence
of Pjy on data subsets. Was it due to longitudinal non uniformity of heaters? Longitudinal
non uniformity would demand that above integrals include a dependence in length, else the
variability of H(r) with length should be included as a dependence in the Pi parameters.
Continuos photographic records were available for the arc's position at 8.6, 30,
and 51 inch distance from the anode in a 64 inch long heater. The arc was viewed through
narrow slits and its position was recorded on a moving film. Examination of film data
showed that long arcs become unstable in the center section of the heater, indicating that
the distribution of Joule heating changed with the distance from the anode. The enthalpy
profile and the distribution of electrical conductivity should be related to the discharge
path that creates current carriers and Joule heating. Thus, we suspect that H and ¢ are
both functions of heater length and behave in a fashion similar to the distribution of the

arc's intensity with length, as shown in Fig. 1.

Fig. 1 Relative distribution of arc
discharge path summed over a 20,
40, and 60 inch length from the
anode. r denotes the distance from
the longitudinal axis. R* is the

throat radius.

Intensity I(r/R*) Arbitrary units

In compiling the intensity distribution shown in Fig. 1, we assumed that film

records at the slits were representative of the first, the middle, and the last section of
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the heater respectively. Thus, in calculating the intensity distributions at 40 and 60
inches we factored in the distributions of intensity in the preceding sections of the
heater. It was also assumed that equal segments of the track on the film data had equal
intensity. These assumptions are quite coarse but they suffice to demonstrate that the
distribution of Joule heating is quite different depending on the distance from the anode.
The expected intensity distribution at ~60 inches shows a square-like profile, justifying
our choice for integration profile of H(r). The square profile simulated a central heated
core and a colder wall layer. The integration profile worked well and appeared
appropriate for our problem. Actually, a square profile with a variable boundary layer
at the heater wall shows physical merit and points to some interesting limits on the
design of arc heaters. This topic will be presented in detail elsewhere.3

Film data showed that an arc becomes unstable at some length | in the center
section of the heater. The discharge path wanders randomly in the center core of the
heater but it is stabilized downstream by the tangential injection of mass, and becomes
partially confined to an area the size of the throat diameter D* in the last section of the
heater.2 Since the integration procedure for H(r) and o(r,H,P), ignored variability
with length, we have to account for it in definition of Pi parameters.

Let us consider how we could account for a longitudinal distribution of heat input
through definition of a Pi parameter. Since we have no information on plasma conditions
giving rise to the instability length I;, we could not build Iy into our formulation of a Pi
parameter. However, let us examine the ratio of heat input into the air versus Joule

heating. This is expressed by the gross efficiency ratio:

m'Ho/VI
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The arc's intensity should provide a measure of the power input VI, while the
length of the column of air passing through the arc's path should be proportional to m'Hp,
the rate of heat input into the air. We already assumed in the integration of o(r,H,P) that
Joule heating was distributed uniformly throughout the arc’'s path. We also ignored the
variability of H(r) with length. This leaves us with m' to account for the longitudinal
dependence in m'H/VI. Mass flow output is constant in an arc heater else the continuity
equation would not be satisfied. However, the effective length of air column passing
through an element of arc depends on arc motion.

To compute the effective length of heated air column La, we used film records
discussed above. We assumed that lateral excursions of arc in x and y directions were
equally likely. We also assumed that turbulence effects and heat dispersal was the same
on the average for a stationary and for a moving element of arc. Under those assumptions,
we consider the flow of air through an infinitesimal element of arc representative of each
section of the heater.

Let z denote the longitudinal axis of the heater. A stationary volume element of
arc dxdydz would have a column of air dxdyvAt passing through it. The element would
heat a mass dm = (dxdy)(vpArt), where u=m'/(D”2p). p denotes the density of air, and
At (L/v) is the average time for transit of air through the heater. For a moving arc, the
column would have a length (vg)At, where vg is the average speed of the arc element
relative to the air stream. All other effects average out as in a stationary arc, except for
this motion.

Arc elements have some average speed lvyl and lvyl depending on their distance
from the anode. A record of the arc's position on a moving strip of film gives a measure of

Ivgl. Using Ivxl determined from film data we define the effective length of air column

for a moving arc versus a stationary arc as the ratio of relative speeds:
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La/L =(2lvxI2+v2)12)y,
We evaluate this ratio for a typical value of m' = 3 kg/s, D* = 2.29 cm, and P = 80 Atm,
and calculate La/L. for 8.6, 30, and 51 inch distance from the anode. Fig. 2 shows the

dependence of the effective length of air column L3 as a function of the distance from the

anode.
125 T T 1 1 1
° Fig.2 In two didensions
£100 | 4
1) (val2 + 1)2)1/2/u gives
L
= 2
B 5T 7 La= 0.7L1-17
o
Q
-
% 50 1 | In three dimensions:
[«
2 2) (2lvgl2 +v2)1/2/y gives
Q
2 25 | i
- L,=0.48L1-35
0 1 1 i | 1

0 10 20 30 40 50 60
Distance from Anode (in)

The best functional fit for Ly was given by La = 0.48L1-35 inches. Subsequently, we
specified La/L as a length dependent Pi parameter that accounts for longitudinal non
uniformity of heaters. We note that for short heaters, Ly ~ L, while for long heaters Lg is
considerably greater than L.

We now consider our second observation, that arcs stabilize inside a cylindrical
column the size of the throat diameter because of the tangential mass injection. This

effect can be seen from plots of the arc's position at the three slit locations, as illustrated

in Fig. 3.
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Fig. 3 Position of arc discharge

25 -
path at 10, 30, and 50 inches

20 -
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o
= 15 4  arc heater. The heater had a radius
o

10 i R = 1.0 inches, and throat radius

R* = 0.45 inches. P(r/R) is the

50 probability density.

0 0.10.20.30.40.50.60.70.80.9
r/R

Fig. 3 shows the radial probability density for the lateral position of the arc in a 64 inch
heater. The distribution was derived under the assumption that P(x)=P(y), and that

Y P(x)P(y)AxAy = P(r)2nrAr over a ring shaped area of constant radius r and width
Ar. A rough sum for this equality was performed by dividing each (2rrAr/4) quadrant
into four sections.

The downstream discharge path shown in Fig. 3, appears generally confined to the
throat diameter although occasionally it does wander outside of the throat region. Td test
the anticipated significance of D* and La in analytical description of heaters, and in
particular their efficiency, we performed extensive correlation between various Pi
terms and physical variables. In particular, we examined closely the correlations for
m'Hg/VI since this ratio was fundamental in our formulation of La.

Results and discussion:
We ran extensive correlation for m'Hg/Vl in terms of: L, D, D*, D*2/L, D2/L,

D*2L, D2L, m', T, Lg, etc. The results showed clearly that the most significant
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correlation was given by a “core ratio" specified by D*2/L.1-2. The correlation between
m'Ho/VI and D*2/L1.2 was given (with r.m.s. error of 8%) by:

m'Ho/Vl = 3 (D*2/L1.2)0.3
Oddly enough, the correlation picks D* and possibly Lg as the fundamental variables.
Addition of other parameters did not improve this result significantly. Other choices of
physical parameters such as L/D and D2/L produced relatively poor results. For instance
heater volume and m'Ho/VI produced a correlation of 27%, and D2/L gave a correlation
of 21%. We note that L1-2 in the above correlation resembles the effective length La.

In terms of non dimensional parameters, the best correlation for m'Hg/VI was
provided by:

m'Ho/Vl = 11.2 (L/D*)"0-56 (1 4/1)0-7 (P/pH)0-58 (7.12%)
where La = 0.48L1-35 inches. However a simpler two-parameter expression for the
gross efficiency works almost as well and is given by:

m'Ho/VI = 5.31(L/D*)"0.62( 4/L.)0.78 (8%)

This ratio gives a measure of the efficiency of the arc heater if one neglects the
relatively small enthalpy of cold air. It is seen from the immediately preceding equation
that the efficiency of a heater can be related strictly to La/L, that accounts for the motion
of the arc, and L/D*, which expresses the aspect ratio for arc confinement.

We now consider the general operation of arc heaters. Our basic problem can be
stated as follows: given an operating pressure P and a desired heat output Ho, find V and |
and vice versa.

From the above correlations we see that for any given pressure P and bulk
enthalpy Ho, we can find m' from the sonic flow parameter according to:

m' = PD*2/(1.67Ho1/2 (P/pH)0-4)
and determine the needed power input VI from:

VI = m'Ho/(5.31(L/D*)"0-62(L 4/1)0.78 )
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To separate V and |, we need o, and R. However, the average electrical conductivity is
unknown a priori. To find o, we devise an internal Pi parameter Hc/Ho, since for any Hg
we can determine ¢, and given heater dimensions find R. In essence, a correlation for
Hce/Ho gives us a general relationship between the implicit and the explicit variables of a
heater. From our extensive search, we found two correlations for He/Ho.
For air we have:
He/Ho = 6.94(D*/D)-44(H/Ho)-84(L/D*)-16(La/L)"-844 (6.1%)

This relation allowed us to find o for any Hp and determine R=4L/roD2. Having R, we
can write the equations for | and V, as follows:

| = {m'Ho/(5.3(L/D*)"-62(La/L)-78R)}1/2 (3.5%)

V = {m'HoR/(5.3(L/D*)--62(La/L)-78)}1/2 (3.3%)
The equations yield voltages and currents that correlate very well with the actual
voltages and currents. However, to truly test the validity of the above expressions for V
and |, we need to regenerate the data base from a randomized set of data points. The
results for data regeneration are shown in the table 1.

Before we examine Table 1, we write down the general Pi equation representing

operation of arc heaters in terms of strictly non-dimensional terms which should hold

independent of specific gas, we have:

(He/Ho) = 201.2 {(D*/D)-46(P/poH o)2-56(L/D*)-087(La/L)--71)
Pi1 Pi2 Pi3 Pi4 Pi5
This equation is good to an accuracy of 7.4%. It relates the unknown Pi parameter H¢/Ho
with Pi parameters describing heater geometry, their operating pressure and enthalpy

output, arc confinement, and longitudinal non uniformity.
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Table |

Parameter | (Amps) V (Volts) m' (lbm/s) m'Ho/VI
Combined data ser 10.5% 8.6% 2.2% 8.5%

Data set 1 11.7% 6.5% 2.7% 8.1%

Data set 2 9.2% 10.2% 1.5% 9.1%

Comparison of Data Base with Data regenerated from Dimensional Analysis

Table 1 shows good overall agreement between regenerated and the actual values of V, |

m' and gross efficiency m'Hg/VI.

’

In a further test of the predictive equations, we project an operating point for a

heater by using runs that were not included in the data base. This is shown in Table 2.

Table 2
Ho P Y I Power m'
Btu/lbm Atm kilo Volts Amps Meg Watts lbm/s
Run
6/16/86 3020 82.4 17.3 1180 20.4 4.19
D*=0.9
Predicted 16.8 1165 19.57 4.255
Run
10/16/85 3470 53 11.1 944 10.5 1.5
D*=0.7 ]
Predicted 12.1 791 12.2 1.56
Run
10/23/85 2840 54.2 15.8 1230 19.4 4.32
*_
D*=1.16 Predicted 14.4 1231 17.9 4,76
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Table 2 shows a comparison of the experimental results with predicted values for three
randomly picked runs that were not included the data base. The runs were made using a

64 inch long heater, 2 inches in diameter, and throat diameter D* as indicated in table 2.

Conclusion:

We have shown that longitudinal non uniformity must be taken into account in
analytical description of arc heaters. If it is not taken into account in © and H(r) through
a length dependence, then it must be expressed as a separate dependence through a Pi
parameter. Table 1 and 2 show good agreement between predictions made with
correlations derived using dimensional analysis and the data base. The margin of error is
largely determined by the statistical spread in the data base. La determined from
experimental results produced excellent regenerated data tables. We thought this result
fortuitous since the derivation of La/L was rough. However, variation of the discharge
path length worsened the results in table 1 and 2.

It should be noted that the precise functional dependence of La/L does not make any
difference in the accuracy of cross-correlations of Pi parameters. The correlation
procedure fits the parameters to within some constant and some power of a specified Pi
term. However, omission of a scaled length term that accounts for arc instability results
in lack of any useful correlations for m'Ho/VI, He/Ho. Thus the presented Pi parameters
and correlation equations appear necessary and well suited for predictive purposes in the

operation and design of arc heaters.
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OF AN INTENSIFIED CHARGE-COUPLED DEVICE (ICCD)
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John T. Tarvin
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ABSTRACT

The flat-field response of an intensified charge-coupled
device (ICCD) camera to ultra-violet (uv) pulses from a
Nd:YAG/dye laser system was determined. Intensifier gate-widths
ranged from 50 ns to 200 us. The flat-field illumination was
obtained in two different manners: 1) nitric oxide (NO)
fluorescence from a static cell, and 2) fluorescence output from
an integrating sphere. A third method, steady-state illumination
of a diffusion screen with a deuterium lamp, was used to obtain
a comparison of steady-state versus pulse illumination response.
Measurements were obtained on two essentially identical camera
systems; these cameras are to be used for dual-wavelength planar
laser-induced fluorescence (PLiF) measurements of shock flows.
Such measurements will allow temperature visualization within
the flow. Results indicate that both camera systems have a non-
linear signal versus energy response; the response is stable and
can be corrected. A linear correction can be used for signals
below 20% of the maximum camera response. There is also a
smooth, correctable variation of response across the 578x384-

pixel image. Corrected images are flat to within 10% or better.
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ULTRAVIOLET FLAT-FIELD RESPONSE
OF AN INTENSIFIED CHARGE-COUPLED DEVICE (ICCD)

CAMERA TO NANOSECOND LASER PULSES

John T. Tarvin

INTRODUCTION

Planar laser-induced fluorescence (PLIF) has been used as a
non-invasive technique for the visualization of flowfields (1-
6). When used at two wavelengths, this technique will allow
visualization of the flowfield temperature (4,6). The generated
fluorescence is usually collected as a video image through the
use of an intensified charge-coupled device (ICCD) camera (3-5).
The response of the ICCD camera is of Kkey importance to the
accurate interpretation of the PLIF measurement. Previous work
investigated the response of a ICCD camera system in the
presence of continuous illumination (7). Since actual PLIF
measurements use a short laser pulse (4) questions of possible
camera response differences between continuous and pulsed
illumination and their effects on image interpretation are
relevant. For example, if camera response is "less flat" for
continuous illumination than for pulsed illumination then pulsed
images would be over corrected; such an over-correction could
lead to an over-estimation of laser-beam absorption (8). The
present work presents the findings of flat-field studies using a

pulsed laser source.
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APPARATUS AND METHODOILOGY

The PLIF measurement system has been described previously
(3,4). The primary difference between the present make-up of
this system and that reported previously was the replacement of
the PG-10 high-voltage pulser unit with the newer PG-50 unit
(both by Princeton Instruments). The control program, CSMA
(Princeton Instruments), has also been updated to version 2.3.

Although initial efforts were made to image an NO
fluorescence signal using a camera lens, non-uniformity of the
beam profile (and its correction) introduced an excessive amount
of measurement uncertainty. Therefore, all reported measurements
are for a lens-less ICCD camera system. Flat-field illumination
was provided by three separate techniques: 1)NO fluorescence
excited by 226 nm pulsed illumination (4), 2)a four-inch
integrating sphere excited by the same pulsed laser system as in
1), and 3)a deuterium lamp reflected from a diffusion plate.
Note that technique 3) differs from the other two in that it is
a continuous, rather than a pulsed, source. In all cases, the
ICCD camera was placed at a sufficient distance from the source
that illumination variations due to geometrical placement were
minimized. Pulse energy levels were monitored with either an
energy meter (using a reflection from a steering prism face) or
a PIN diode (Thorlabs). Energy variation was accomplished by
either inserting neutral density filters in the bean path or by
attenuating the beam diameter with an iris. All such bean
modification was accomplished prior to the sheet-forming optics.
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RESULTS

Initial studies using NO fluorescence and neutral density
filter for energy variation gave variable results: energy
linearity was questionable. The major source of this variation
appeared to be due to the neutral density filters. It was then
decided to use an iris for the energy variation, along with a 4-
inch integrating sphere with output down to 200 nm. Single-pulse
energy was monitored using both a power meter (monitoring a beam
reflection) and a PIN diode (staring into the integrating
sphere). Both of these energy measurement techniques yielded
reasonably linear results, as shown in Figure 1 (and Figure 3).

Surprisingly, signal 1level as a function of beam energy
showed a non-linear variation for signals above about 20% of the
maximum response of either 16383 or 65535, depending on the
camera controller card used. Typical responses for both cameras
are shown in Figure 2. Signal response is measured as the
average of a 100x100-pixel region of the 384x578-pixel image. No
flat-fielding correction has been applied to these averages;
however, a relatively flat region of the image was chosen for
the averaging region.

In order to further verify this non-linear response, half
of the ICCD camera was covered with a neutral density (0.5)
filter. Signal averages for each half of such an image are shown
in Figure 3. It can be seen that the signal level of the

unobscured side exhibits non-linear behavior before that of the
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obscured side, suggesting that the non-linear behavior is indeed
a function of the irradience level and is a characteristic of
the ICCD camera systenm.

The response of the ICCD camera system was also measured
for the case of constant illumination. A deuterium lamp
reflected off a diffusion plate was used as a source; the
illumination level of the ICCD camera was varied by changing the
distance of the camera from the plate. Results of this study are
presented in Figure 4. Again, 100x100-pixel averages are used
for the signal level. It can be seen that, above a high-voltage
pulse width (the gate width for turning the ICCD intensifier
plate ON) of about 20 microseconds, the signal varies linearly
with gate width. This is the anticipated result. However, for
shorter gate widths, the ICCD camera system again responds non-
linearly.

In a related study, the timing of the laser pulse with
respect to the gating pulse was found to be extremely critical,
especially for short gate widths of 50 ns. This result is
thought to be related to the finite time required for the
intensifier plate to turn ON. For a laser pulse positioned (in
time) near the start of the gating pulse, the ICCD image
exhibits a "center-void" pattern; the periphery of the plate has
turned ON but the center of the plate is still OFF. For a laser
pulse positioned near the end of the gating pulse, a "golf-ball"

image is seen; the periphery has now turned OFF but the center
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is still ON. For placement at the center of the gating pulse the
image was more uniform; the overall signal level was down
slightly from that obtained with gate widths of 200 ns, however,

suggesting that the plate may never be turning ON fully.

CONCLUSION

Flat-fielding of the ICCD camera system, as it presently
exists, must involve a non-linear correct if the full signal
range is to be used. For current PLIF work, however, a linear
correction over the lower 20% of the signal range may suffice.
This is based on the observed fact that, even at maximum
intensifier gain, the PLIF signal in the flowfield region of
interest is less than 20% of the maximum digitization range of
the ICCD camera (8). Linear flat-fielding over this range
results in a maximum image variation of 10% or less.

The source of the ICCD camera system non-linearity is
intriguing, especially given the fact that this non-linearity
was not evident when this system was examined a year ago (7). In
particular, signal response as a function of gate width was
linear to below 200 ns. The major difference in the system on
which those measurements were performed and the present system
is the replacement of the model PG-10 high-voltage pulser with
the (newer) model PG-50. Additional studies of this new pulser
unit, and its interaction with the rest of the ICCD camera

system, need to be performed. In particular, the shape of the
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high-voltage pulse at the ICCD camera needs to be monitored for
"squareness". The shape of this pulse as a function of

connecting cable length also needs to be investigated.
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FUNDAMENTAL STUDIES ON THE SOLUTION AND ADSORPTION PROPERTIES OF
BLOCK COPOLYMERS

John R. Dorgan
Chemical Engineering and Petroleum Refining Department
Colorado School of Mines
Golden, CO 80401
Abstract
Fundamental solution and adsorption properties of block copolymers have been
investigated using Low Angle Laser Light Scattering (LALLS), Atomic Force Microscopy (AFM),
and Ellipsometry (ELLI). Additionally, the solution properties of poly(vinyl caprolactam), a water

soluable polymer used to inhibite hydrate growth in oil and gas pipelines, have been studied.

We report the first experimental results on the scaling characteristics of brush-forming
middle-adsorbing triblocks. The triblocks used consist of relatively short poly(ethylene oxide)
(PEO) middle blocks and much longer polystyrene (PS) end blocks. Adsorption takes place onto a
well characterized silicon dioxide surface from toluene and ellipsometry is used to determine the
adsorbed amount. We find that the surface density, o, for each of the copolymers ( both those in
the symmetric and asymmetric regimes ) scales according to the simple relationships proposed in
the theory of Marques and Joanny ( i.e. in the symmetric to moderately symmetric regime, G o
Na-l, where Ny is the number of segments in the adsorbing PEO block and in the highly
asymmetric regime, ¢ o, B-2, where B is the ratio of the size of the non-adsorbing block to the size
of the adsorbing block ).

The scaling behavior of the radius of gyration of polystyrene homopolymers in toluene has
been determined; it was found that Ry (A) = 1.76 Npg0-597 for polymers with a molecular weight
greater than 100,000 g/mol. For lower molecular weight polystyrene samples, we find Ry (A) =
7.16 Nps0-401. Finally, for poly(vinyl caprolactam) homopolymers in water, it was found that Rg
(A) = 6.30 Npv-cap?-36. Based on this information it is possible to derive an engineering
correlation for the overlap concentration, we find ¢* ( mg / ml ) = 6315 MWopy-cap” 0.68 where
MWopy.cap is the polymer molecular weight.
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Copolymer Adsorption Studies
Introduction:

Polymer coils at the solid-liquid interface are of technological interest. For example, they
are used in the stabilization and flocculation of colloidal parficles, to enhance biocompatibility of
artificial implants, and for electrode modification. |

Many studies have been made on diblock copolymers investigating their behavior at the
solid-liquid interface.l Also, adsorption characteristics of end attaching triblocks have been
studied.2 Scaling laws have been verified for the different symmetry regimes of diblock
copolymers proposed by Marques and Joanny.3 This scaling theory is consistent with the results
of the self consistent field theory of Scheutjens and Fleer.4

In this study, we report on the adsorption behavior of middle-attaching triblocks. The
materials employed consist of relatively short poly(ethylene oxide) (PEO) middle-blocks capped by
relatively long polystyrene (PS) end-blocks. The PEO block preferentially adsorbs to the surface
whereas the PS block remains dangling in solution. Denoting the adsorbing block by A and the
buoy block as B, these copolymers are of the B-A-B architecture. Adsorption takes place from
toluene, a good solvent, onto a well characterized silicon oxide surface; this is a case of adsorption

from a non-selective solvent onto a selective surface.

Experimental

The copolymers used in this study have the characteristics shown in Table 1. The triblocks
were synthesized at the Technical University of Istanbul by a procedure described earlier.> Itis
seen that the composition of the samples are such that the different regions of symmetry are
covered (i.e. copolymers with f < NAO3 lie in the symmetric to moderately symmetric regime and
polymers with B > NAO-5 lie in the highly asymmetric regime). The silicon wafers are obtained
from Silicon Source Inc. ( Phoenix) and treated as described in previous work.2:6 The film
thickness of the oxide layer is independently determined prior to the adsorption run using
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ellipsometry. HPLC grade toluene (Aldrich Chemicals) was used after filtering three times through
0.2 micron Whatman filters. The adsorption experiments are all conducted at solution
concentrations of 1.000 £ 0.001 mg/ml. Molecular weight distributions were characterized using
gel permeation chromatography and were found to be relatively narrow ( My, / My, < 3.0 for all
cases ). Low angle laser light scattering ( Wyatt Technologies DAWN B) was used to measure
weight average molecular weight and the radii of gyration in solution; no evidence of micelle
formation is present at the concentrations used in the experiments. A specially modified rotating

analyzer ellipsometer ( Gaertner Scientific) is used to measure the adsorbed amounts.”

Data Analysis:
The relationship of the measured ellipsometric angles (A and W) to the film parameters of

a multilayer stack can be expressed as:

~

eBdtan¥ ==L = F(ng,dy)

Rs 1)

where ny and dy refer to the indices of refraction and thicknesses of each layer present ( denoted by
the subscript k ). Measurement of the two independent quantities, A and ¥, allows for the
solution of two unknowns, a layer thickness, di, and a refractive index, nj. In this study, the
adsorbed layer thickness and refractive index are determined assuming a homogeneous layer for
the polymer thin film; the adsorbed amount is insensitive to the layer model assumed.6 The

adsorbed amount is calculated as:

A=d101 =d1(n1-n0)/(%)0 )

where nj represents the refractive index of the adsorbed layer and d; its thickness, no represents
the refractive index of the copolymer solution and ( dn / dc )q is the change in refractive index of
the solution with the concentration of the copolymer.

Knowing the adsorbed amount, the grafting density, o, is calculated from Equation 3.

_ A (mg/mz)
M,, (mg/ mol.)

N, (chains/ mol.) 10718 (m?/ nmz) 3)
12-4




which is the inverse of the area per chain. Accordingly, the interchain spacing is found from D =
(1/0) 12, Further, the chain spacing at which coils on the surface first begin to touch is taken as
Dover =(® Rp52 )1/2 4)
where Ry represents the radius of gyration of the polystyrene blocks in solution. Another
important variable in the scaling description of the copolymer adsorption is the asymmetry ratio, f.
R 375
B= —B = dp NB3/5 (5)
R a, N,/

peo

where the ratio of the size of a single polystyrene segment to a single poly(ethylene oxide) segment
is taken as 0.87 (ap / ap = 0.87).

Results and Discussion:

Results from the study are given in Table 1. Itis clearly seen that the ratio of the interchain
spacings to the overlap spacings are less than unity demonstrating that the triblock materials must
be stretched away from the adsorbing surface. To our knowledge, this is the first report of brush
formation in copolymers of the B-A-B architecture.

Table 1: Triblocks studied and chain spacings.

Copolymer Np NA | NaOS B | Dint (A) | Dint/ Dover
PS(233)-PEO(49)-PS(233) 4484 | 1227 | 35.0 1.97 298 0.56
PS(59)-PEO(1)-PS(59) 1134 22 4.7 9.16 139 0.32
PS(22)-PEO(1)-PS(22) 423 22 4.7 5.07 68 0.19
PS(127)-PEO(1)-PS(127) 2442 22 4.7 14.51 206 0.46
PS(107)-PEO(20)-PS(107) 2058 454 21.3 2.13 147 0.29
PS(305)-PEO(20)-PS(304) 5865 454 21.3 3.99 248 0.39
PS(168)-PEO(10)-PS(168) 3241 225 15.0 | 4.26 196 0.32
PS(1045)-PEO(10)-PS(1045) | 20097 | 225 15.0 | 12.74 440 0.35
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Figure 1 shows that the grafting density of the symmetric to moderately symmetric
triblocks scale with the reciprocal of the adsorbing block size ( 1/ N4 ). For highly asymmetric
triblocks, the surface density scales with the reciprocal of the square of the asymmetry ratio ( B-2)
as shown in Figure 2. Both of these results are consistent with the predictions of the scaling
theory of Marques and Joanny for A-B diblock adsorption.3 The B-A-B triblock materials are
thus seen to behave the same as diblock materials as far as the effect of chain composition on the

structure of the adsorbed layer is concerned.

Symmetric Regime Scaling Behavior

0.025
. 0.0204
o
£
= 0015+
~
[22]
=
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o
©
0.005 6 =0.439 (1/NaA) +0.001
(r2=0.980)
0.000 I I i i 1
0.00 0.01 0.02 0.03 0.04 0.05
1/NA
Figure 1; Scaling behavior of the grafting density for B-A-B triblocks falling in the symmetric

regime (B < NA0-5).

Conclusions:

It is seen from the ( Diyt / Dover ) values in Table 1 that the B-A-B triblocks are stretched
and hence it can be concluded that middle-adsorbing triblock materials can form a brush structure.
Such materials should therefore be as effective as A-B diblock materials in steric stabilization

applications.
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It can be concluded that the middle-adsorbing triblock materials behave very similar to
diblock materials. The change in composition of the B-A-B copolymers produces similar changes
in the structure of the adsorbed layer as in A-B diblock layers. The surface density for the
symmetric to moderately symmetric triblocks scale with the reciprocal of the head size ( ¢ o0 Na™1
). For highly asymmetric triblocks, we find that the surface density scales with the reciprocal of
the square of the asymmetry ratio (6 & B2 ). The B-A-B architecture shares an important feature
with the A-B diblock, namely attachment at a single location along the chain. This is in contrast to
the A-B-A architecture where the chains may attach at two different locations; this later case may

produce distinctly different behavior.2

Asymmetric Regime Scaling Behavior
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Figure 2: Scaling behavior of the grafting density for B-A-B triblocks falling in the

asymmetric regime ( 8 > NAO-3 ).
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Homopolymer Solution Properties

Introduction:

Understanding solution properties of polymers is a fundamental problem in polymer
science. Solution properties must be understood in order to characterize polymeric materials and
are essential in understanding the thermodynamic behavior of polymers.

In this section, results for two homopolymers in different solvents are described. The first
system is polystyrene in toluene and the second is poly( vinyl caprolactam ) in water. Before
presenting the results a brief background on solution properties is in order; a more detailed
treatment may be found in the literature.

The Radius of Gyration, Ry, is an average measure of the radius of a polymer coil. Itis

defined as the average of the distance from a segment to the chain's center of mass; that is,

R = — 2,05 - o)’ ©)

n+l &

where 7 is the number of segments and,
1 n
rc.o.m. = + 1 2 ri

The value of the radius of gyration depends on molecular weight and the chemical environment of
the molecule. |
Theoretically, the relationship between the radius of gyration, Rg, and the number of repeat
units in the polymer chain, N, should follow Equation 7.
Rg=aNV )]
Here, a represents an effective segment size and v is an excluded volume parameter. This later
parameter takes on a value of 0.5 for athermal solutions and 0.6 for good solvents. Polymers
expand under good solvent conditions and contract in poor solvents, in the melt state a polymer is

under athermal conditions and Rg increases with the square root of the molecular weight.
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The thermodynamics of polymer solutions may be described by the Flory-Huggins theory
which yields the following expression for the Free Energy of Mixing:

AGyx = kT[n1 Ing,+n,Ing, + nl(p2x] 8)
where n; represents the number of molecule i and ¢; its volume fraction. This free energy of
mixing is a Helmholz free energy because the derivation is based on a lattice model and is therefore
restricted to constant volume. Flory-Huggins theory allows for a non-zero enthalpy of mixing
through the introduction of a simple mixing parameter, . The extensive enthalpy of mixing may
be expressed as:

AHyx =kTn, @, &)
Within the framework of Flory-Huggins theory, once the % parameter is known, the phase diagram
may be calculated. The theory as outlined here is capable only of predicting Upper Critical
Solution Temperature (UCST) phase diagrams; in such systems the material phase separates upon
cooling. While this behavior is often observed, other types of phase envelopes are known. These
include LCST in which phase separation occurs upon heating, combined systems, hour glass
shaped two phase regions and closed loop systems. In order to describe such behavior, the

energetics parameter ¥ must be determined as a function of temperature and composition.

Experimental
LALLS ( Low Angle Laser Light Scattering) is a powerful technique for studying solution

properties because it provides measurements of the weight average molecular weight (My), the
radius of gyration (Rg), and the Flory energetics parameter (X ), simultaneously. In LALLS, the
intensity of light scattered is measured as a function of the angle from the incident beam (typically

in the range from 20° to 140°). Data analysis is based on the relationship expressed in Equation 10.

K¢ 1 167 /o . 2f O
" "MT{“ 7 (R}) sin (5)} + 2A,¢ + ... (10)

Here, 0 is the scattering angle, A is the wavelegth of the laser light, ¢ is concentration, Aj is the
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second virial coefficient, Rg is the Rayleigh Ratio, and K* is a constant given by,

* 2 2(dn : -4 £g-1
K =4r°n o E‘; )\, N AV
in which n is the index of refraction of the solvent and Nav is Avagadro's number.

The second virial coefficient is related to the y~parameter by,
\

P (1
A2=—\—;—s(§-x) (11)
in which V. is the partial molar volume of the solvent and vp is the specific volume of the
polymer.

The experimental quantities Myy, Ry, and A2, are usually deduced through the use of a so-
called Zimm Plot, an example of which is shown in Figure 3. In this plot, the light scattering data
from several concentrations are plotted as a function of the scattering angle. Each concentration is
extrapolated to zero scattering angle and for each detection angle, the data is extrapolated to zero
concentration. The Zimm Plot is thus based on different limits of Equation 10; the slope of the
extrapolated zero concentration line gives Ry, the slope of the extrapolated zero angle line gives Ay,
and the intercept of the two extrapolated lines with the y-axis yields My,.

For all of the LALLS experiments samples were prepared in the same way. First, a
scintillation vile was rinsed with acetone and allowed to dry. The polymer sample, in dry
powdered form, was massed into the vile. Next, a high precision syringe was used to add 15.0
+/- 0.1 ml of solvent to the scintillation vile. The sample was capped using aluminum foil as a
barrier against diffusional losses. Low heat, administrated via a hot plate, was used to speed the
dissolution of the polymer in the solvent. Once dissolved, the solutions were filtered 3-5 times

through a Whatman 0.2 um Polytetrafluroethylene filter.

12-10




Zimm Plot — PSHOMOW

6.0e-6

5.0e-6 —

4.0e-6 —

Kc ~» R

3.0e-6 |—

n

.0e-6 > |

0.0 0.5 1.0 1.5
s1N%(B,/2) + 312 % C

DATE: Mon Jul 18 11:14:48 1994
RMS Radius : 26.5 +/- 0.7 nm MW : (4.83 +/- 0.1)e5 g/mol
A2 : (4.17 +/- 0.2)e-4 mol ml/g

Figure 3: A Zimm plot for polystyrene in toluene collected using a Wyatt Technologies
DAWN model B low angle laser light scattering apparatus.
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Results and Discussion:

Figure 4 shows a log Rg versus log N plot for samples of polystyrene in toluene having a
molecular weights greater than 100,000 g / mol. Based on the linear regression curve shown, the
following specific form of Equation 7 is found,

Rg (A) = 1.76 Npg0-597 (12)
the closeness of the exponent to 0.600 demonstrates that toluene is a good solvent for polystyrene
and is consistent with values found in the literature.

Scaling of <Rg> with Mw
2
"*7  Log <Rg>=0.597 Log N - 0.754
A r2 = 0.989
on
[ 1.6 =
\%
o0
o
~ 144
1.2
T v A L
o - Log N e <
Figure 4: Rg against number of segments for high My, polystyrenes in toluene.

For polystyrenes having lower molecular weights, a different scalin g relationship is found.
Figure 5 shows a log Rq versus log N plot for samples of polystyrene in toluene having molecular
weights less than 100,000 g / mol. Based on the linear regression curve shown, the following
specific form of Equation 7 is found,
Rg (A) =7.16 Ny 0401 (13)
This finding, of having a lower valued scaling exponent for lower molecular weight samples, has
appeared in the polymer literature previously but is generally unappreciated. This deviation from
the expected 0.600 exponent may have to do with a lack of Gaussian statistics associated with
lower molecular weight polymers.
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The behavior of poly(vinyl caprolactam) in water produces another scaling relationship
between the radius of gyration and the molecular weight. For this system, no previous reports are
available in the literature because the synthesis of this polymer is a recent development, as such this

information represents a fundamental contribution to the knowledge base on polymeric materials.

Scaling of <Rg> with Mw
2.0
1.8 - Log <Rg>=10.561 Log N - 0.201
(r2=0952)

{3\0 1.6 1
8
V
%0 14
S .

1.2 4

1.0 ,

2.5 30 3.5
Log N
Figure 5: Ry against number of segments for low My, polystyrenes in toluene.

Figure 6 shows the log Rg versus log N plot for samples of poly(vinyl caprolactam) in water, from
this graph the following relationship is determined,

Rg (A) = 6.30 Npy-cap0-561 (14)
Equation 14 may be used to find ¢*, the overlap concentration. This is the concentration at which a
polymer solution makes the transition from the dilute regime (where individual coils are isolated in
solution) to the semi-dilute regime (where polymer coils overlap and interdigitate). The overlap
concentration is given by, '

¢® (mg/ml) =6315 Mw -0.68 (15)

where MW is the molecular weight of the poly( vinyl caprolactam ). So, for aqueous solutions of
this homopolymer with MW = 10k (g/mol), ¢*=12.03 (mg/ml) or about 1.2 wt%, for a
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homopolymer solution with MW = 100k (g/mol), ¢* = 2.51 (mg/ml) or about 0.25 wt%, and for a
homopolymer solution with MW = 1,000k (g/mol), ¢* = 0.52 (mg/ml) or about 0.05 wt%.

Trial studies, performed in the laboratory of Professor Dendy Sloan at the Colorado School
of Mines, on the inhibition of gas hydrate growth under conditions mimicking North Sea pipeline
conditions have found poly( vinyl caprolactam ) to be an effective inhibiting agent. Specifically,
for samples having molecular weights in the range of 100,000 g/mol concentrations of 0.5 wt %
are needed. For such samples, concentrations of 0.25 wt% were found to be ineffective. It thus
appears that the mechanism of inhibition is space filling by polymer coils, requiring concentrations
in excess of ¢*. As a result the engineering correlation ( Equation 15 ) developed in this work will
have immense practical utility in oil and gas production!

Scaling of <Rg> with Mw

2.0
- Log <Rg>=10.561 Log N - 0.201
7] (r2=0952)
a

& 164
(2.4 a
\%
&
S 14+

1.2 4

1.0 ,

2.5 3.0 3.5
Log N
Figure 6: Rg against number of segments for poly( vinyl caprolactam ) in water.
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nclusions:

The scaling behavior of the radius of gyration of polystyrene homopolymers in toluene has
been determined; it was found that Ry (A) = 1.76 Np0-597 for polymers with a molecular weight
greater than 100,000 g/mol. For lower molecular weight polystyrene samples, we find Rg A) =
7.16 Nps0-40L. Finally, for poly(vinyl caprolactam) homopolymers in water, it was found that Ry
(A) = 6.30 Npy-cap?-36. Based on this information it is possible to derive an engineering
correlation for the overlap concentration, we find ¢* ( mg/ ml) = 6315 MWpy.cap~ 0-68 where
MWopy-cap is the polymer molecular weight.
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NON-LINEAR OPTICAL PROPERTIES
OF A SERIES OF LINEAR TRIACETYLENES

Mary Ann Jungbauer
Professor of Chemistry
Department of Physical Sciences
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Abstract

Frequency dependent polarizabilities (o), first hyperpolarizabilities (B), and second
hypempolarizabilities (y) were calculated for a series of linear triacetylenes: triacetylene; monosubstituted
fluoro, cyano, nitro, amino, and planar amino triacetylene; disubstituted fluoro/amino, cyano/amino, and
nitro/amino triacetylene, for both the planar and non-planar amine group. For each of the disubstituted
nitro compounds, with the planar and the non-planar amino group, two conformations were studied.
Calculations were made for the static (zero frequency) state and for E = 1.16527 eV (1064 nm). Statistical
comparison of the 1064 nm data with the static data reveal linear relationships between the static values
of o, B, and y and the respective 1064 nm values for the polarizability, o;; Second Harmonic Generation,
B(a); Electro-Optic Pockels Effect, B(EOPE); Optical Rectification, B(OR); Third Harmonic Generation,
YTHG); Electric Field Induced Second Harmonic Generation, Y(EFISH); Intensity Dependent Refractive
Index, Y(IDIR); and the Optical Kerr Effect, YJOKE). Semiempirical calculations were made using MOPAC
93.
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NON-LINEAR OPTICAL PROPERTIES
OF A SERIES OF LINEAR TRIACETYLENES

Mary Ann Jungbauer

Introduction

Linear optical properties have long been studied and include the familiar measurable properties of
transmission, absorption, index of refraction, etc. In recent years, the availability of intense laser light of
single frequency and wavelength, such as the 1064 nm (Nd:YAG laser) light of this study, has revealed
that interaction of this intense light with matter can change these linear properties, and, in the process,
change the light itself in a nonlinear way (1). Also, availability of intense laser light has made observable
and useful the weak polarizability and hyperpolarizability properties of certain materials (2). The incident
light can be doubled and tripled; if the incident light contains more than one frequency, sums and
differences of frequencies can be observed (1). At the molecular level, the polarization (P) is related to
the electric field strength (E) and can be expanded in a Taylor type series by:

P=aE + BE® + vE® + .

From the molecular to bulk level, these coefficients are proportional to the electric susceptibility (x):

o o x®, B o %@, y o 2,
where o indicates the extent of the polarizability, B the first hyperpolarizability, and y the second
hyperpolarizability (2).

Marder has shown the relationship between linear and nonlinear properties of linear conjugated
molecules, and predicts that understanding of the relation between molecular structure and g and vy will
progress to the point where measurements can themselves be used to provide detailed insight into
chemical structure (3). Dagani, interpreting Marder, explains that as the field strength (E) increases the
higher nonlinear contributions such as B and y become important. In some molecules, and this is reflected

in the present study of triacetylenes (1,3,5-hexatriynes) polarization occurs more in one direction than the

other. B is a measure, in par, of this polarization asymmetry (4). The polarization P (that is, the
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separation of charges in a molecule) will give rise to optical properties of molecules in bulk, and to the
electric susceptibility (x) as shown in the equations above (2).

Matsuzawa and Dixon compared calculated and experimental values for a series of donor-
acceptor molecules including a series of mono and disubstituted benzenes, disubstituted biphenyls and
fluorenes, disubstituted styrenes, and substituted stilbenes (5). They report good correlation for static
hyperpolarizabilities (B and y) between semiempirical calculations and experiment. Since their calculations
reproduced the dependence of B and y on the strength of donor and acceptor molecules, and reproduced
the increase of B and y by charge transfer, they conclude that semiempirical methods should be a good
scouting tool to aid in the search for new and novel NLO materials. Also, they point out that
conformational averaging needs to be taken into account when comparing calculated and experimental
values. In this study of triacetylenes we include conformers.

In two related articles, Cheng et al. present a systematic experimental investigation of organic
molecular NLO polarizabilities of benzene and stilbene derivatives using light at 1.91 um (1910 nm to
compare to this triacetylenes study at 1064 nm) (6, 7). They found geometric factors to be more important

in some cases than the donor/acceptor properties of the substituent groups.

NLO properties of materials convert the laser light into new colors that are mathematically related
to the original laser light. They are commonly used to double or triple the incident light enabling NLO
materials to be used in novel ways. (2) NLO materials are being used, at present, as eye protection
shields, wave guides, parametric converters, in the manufacture of weapons, communications, avionics,
and survival techniques such as sensor protection etc. (2) However, currently identified NLO materials do
not fulfill user needs for frequency agile laser sources, fast optical switching and computation, and
available, affordable, and processable materials. Also, third order harmonic effects in currently available
NLO materials are still far away from practical applications (8).

NLO materials being studied include polymers, conjugated polymers, crystals, polyurethanes,
stilbenes, thiophenes, Langmuir-Blodgett films, other thin films, liquid crystals, etc. (4, 8). With respect to
this study, the most important compounds being characterized are unsaturated organic compounds. =

conjugated organic NLO materials represent a major advance for integrated optoelectronic circuits, high
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speed fiber optics, and advanced packaging (9). Unsaturated organic materials with their associated ©t
electrons, in many cases delocalized, give rise to large NLO activities. By simply considering = to n*
transitions, a two level perturbation theory model provides an adequate description of B response (10).

A goal of this Laboratory is to understand the fundamental cause of NLO properties at a molecular
level. This study of the NLO properties of triacetylenes contributes to that goal. There is still a dearth of
systematic theoretical data and another goal of this Laboratory is to address this need (2, 10). A detailed
ab initio study of substituted linear diacetylenes has been completed to see the effect of substituents on
the NLO properties of the parent diacetylene (11). This study of triacetylenes is a partial extension of that
study. Another goal is to find underlying causes that lead to the observed linear relationships between
static and dynamic (at 1064 nm) a, B, and y. Data generated in this study should provide background

material for achieving that goal (10).

Methodology

Twelve different linear triacetylenes were studied. For two of the disubstituted molecules a
second conformer was added, bringing the total number of molecules studied to fourteen. Triacetylene,
CeHa, (D), the monofiuoro, CgHF, and the monocyano, C¢HCN, molecules, (both C...) are linear.
Planar aminotriacetylene, C¢gHNH,, planar aminofluoro triacetylene, C¢FNH,, planar
aminocyanotriacetylene, CsCNNH;, and nitrotriacetylene, CsHNO,, are planar (Gy). Aminotriacetylene,
C¢HNH,, aminofluorotriacetylene, CsFNH,,.and aminocyanotriacetylene, CcCNNH,, are nonplanar
molecules with a single pléne of symmetry (Cs).

The planar and non-planar amino nitro compounds, however, can be considered in two extreme
orientations. In the more stable conformer (as indicated by the AH®% values of the planar C,, structure),
the NO, group is coplanar with the NH, group. In the less stable conformer (also C;,) the plane of the
NO, group bisects the HNH angle. For Ho;NCgNO, (nonplanar NH,) the two extreme orientations are the
more stable conformer (C;) where the plane of the NO, group is above the plane of the NH, group, and
the conformer, also (C;), where the plane of the NO, group bisects the HNH angle. These are illustrated

below.
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(@) Planar amino H;NCgNO, (b) Planar amino H,NCzNO,
(NH; and NO, coplanar) (NO; plane bisecting HNH angle)
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O: 2 N-C=C—C=C—-C=C-— ", >/N—CEC~ =C-C=C—N,,
H g H
(C) HzNCsNOz (d) HzNCGNOZ
(NO; plane above NH, plane) (NO, plane bisecting HNH angle)

Figure I. Structures of conformers of H,NCsNO,. (a) Planar NH, coplanar with NO, (b) NO, plane
bisecting HNH angle (c) NO, plane above NH, plane (d) NO, plane bisecting HNH angle

Semiempirical frequency dependent polarizabilities (), first hyperpolarizabilities (), and second
hyperpolarizabilities (y) were calculated using MOPAC 93 (14). One of the lasers that has been a
laboratory tool for twenty years is the Nd:YAG laser, which emits light of 1.064 um or 1064 nm. (12). To
correlate with experiments (2), calculations were performed for the static o, B, and y (E = 0), and for E =
1.16527eV (1064 nm) for the Polarizability, o;; Second Harmonic Generation, B(SHG); Electro-Optic
Pockels Effect, B(EOPE); Optical Rectification, B(OR); Third Harmonic Generation, Y(THG); Electric Field
Induced Second Harmonic generation, Y(EFISH); Intensity Dependent Refractive Index, Y(IDIR); and the
Optical Kerr Effect, {{OKE).

The data set for each calcutation followed published guidelines (10, 14, 15). The PM3
Hamiltonian was used for all calculations. At least three MOPAC 93 runs were made for each of the
fourteen molecules. All calculations achieved self consistent field, SCF. The first, to obtain general
information, used the keywords PM3, EF, LOCAL, PRECISE, VECTORS. Symmetry was also imposed
for the molecules containing amino and/or groups. The second was a FORCE calculation to obtain

harmonic vibrational frequencies; all symmetry definitions are ignored in a FORCE calculation. The third
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was a POLAR calculation to obtain the various a, B and y values. To obtain all the values needed for B,
several sections of the MOPAC 93 program had to be used, and the POLAR calculation repeated, to
obtain consistent values for B(EOPE) and B(OR). Geometry was at a stationary point for all molecules
except those involving the planar amino group, and the unstable conformer of H.NCsNO, where the NO,
plane bisects the HNH angle (illustrated in Figure Id). For these a LET DDMIN=0.0 was added and the
calculations repeated.

Regressional analysis was performed on the fourteen values for each of these eight parameters.
Statistical comparison of the 1064 nm data with the static data reveal linear relationships between the
static values of o, B, and y and the respective 1064 nm values for ., B(SHG), B(EOPE), B(OR), YTHG),
Y(EFISH), Y(IDIR), and Y(OKE). Values and graphical presentations are given in the Results and

Discussion sections below.

Results

Average values for the static state the 1064 nm state for o, 3(SHG) and Y(THG) are given in Table
| below. Two different options, in different parts of MOPAC 93, were used to calculate each static value.
For comparisons involving 1064 nm o, B(SHG), and Y(THG), the static values generated with them were
used. For comparisons involving 1064 nm B(EOPE), B(OR), Y(EFISH), ¥(IDIR), and y(OKE) the second
set of static values generated with them were used.

In Table H below the order of the static values for the fourteen molecules are given for o, B, and .
All the graphs in the following sections follow this order along the X-axis or static value axis for o, B, or y.
In Table Il below is a detailed report for c.. Similar detailed values were generated for § and v, but are not
reported here. Data and graphs for 1064 nm values vs. static values are integrated into the Discussion

section below.
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Table I. Average Values for Various (Hyper) Polarizabilities

MOLECULE

Cng

CeHF

CsHCN
CsHNO,
CeHNH,*
CsHNH>
CsFNH*
CsFNH,
CsCNNH,*
CsCNNH,
CeNOgNHz*COpl
CeNO.NH,*perp
CsNO2NHzparal
CsNO:NH,perp

Table Il. Order of Static Values (NH,* indicates planar amino group)

Order of Increasing

<o{0)>

60.576
63.923
89.470
81.833
79.092
76.871
83.145
80.776
112.410
109.048
105.147
103.147
101.502
100.746

Alpha (Static) (a.u.)

Cng
CeHF
CsHNH,
CeHNH*
CsFNH;
CsHNO;
CeFNH,*
CsHCN

CeNONHzpermp
CsNO:NH_zparal
CeNO.NH;*perp
CeNOzNHz‘COpl
CsCNNH;
CsCNNH,*

60.576
63.923
76.871
79.092
80.776
81.833
83.145
89.471
100.746
101.502
103.701
105.147
109.048
112.411

<B(0)> <y(0)>
0.00 10249.7
51.41 12188.9
172.54 26981.3
103.43 22485.6
694.57 254481
534.56 24753.2
702.20 29345.9
525.53 28407.8
1386.52 64239.7
1060.94 58896.8
1435.07 62638.8
1113.01 45364.4
1082.62 54578.4
904.57 44635.0

Order of Increasing
Beta (Static) (a.u.)

Cng
CeHF
Ce¢HNO,
CgHCN
CeFNH,
CeHNH,
CeHNH,*
CeFNH,*

CGNOQNngerp
CsCNNH;
CsNO,NHoparal
CsNOgNHg*perp
CsCNNH,*
CeNO2NH,*copl

<o (1064)>  <B(1064)>

0.00
51.41
103.43
172.54
525.53
534.56
694.57
702.20
904.57
1060.94
1082.62
1113.01
1386.52
1435.07

62.836
66.411
93.483
85.114
82.887
80.294
87.289
84.518
118.632
114.671
110.813
109.062
106.498
105.579

<y(1064)>
(B(SHG))  ({(THG))

000  19717.7
58.00  24091.3
25148  63945.9
192.64  50224.2
1118.84  123739.9
795.77  78071.9
1184.04  161246.8
826.09  94961.7
241531  587934.3
170557 2414486
2727.77 1177420.4
2727.77  320659.1
1872.93  313937.7
1467.74  161896.6

Order of Increasing
Gamma (Static) (a.u.)

Cng

CsHF

CsHNO,
CsHNH,
CeHNH,*
CsHCN
CsFNH;
CeFNH*
CeNO2NH,*perp
CsNO-NHperp
CaNOZNngaraI
CsCNNH,
CsNOgNHz*COpl
CsCNNH,*

10249.7
12188.9
22485.6
24753.2
254481
26981.3
28407.8
293459
45364.4
44635.0
54578.4
58896.8
62638.8
64239.7
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Table lll. Detailed Report for Polarizability, o

MOLECULE  0xd0) o{0) 0{0) az{(0) <a{0)> 0o{1064) (10684 0Ly OF 04 0i(1064)  <i(1064)>
CeH2 167.625 7.051 0.000 7.051  60.576 174.249 7.129 0 7129  62.836
CeHF 178.220 6.774 0.000 6.774  63.923 185.516 6.859 0 6.859  66.411
CeHCN 247722  10.344 0.000 10.344  89.470 250.194 10508 -0.00001  10.508  93.483
CeHNO; 207.187  30.063 0.000 8.249  81.833 216231  30.774 0 8337 85.114
CeHNH,* 214870  12.309 0.000 10.097  79.092 205737  12.454 0 10470 82.887
CsHNH; 207.457  13.461 0.000 9.695  76.871 217.384  13.653 0 9.846  80.298
CeFNH;* 227574  12.034 0.000 9.826  83.145 230.481  12.186 0 10201 87.290
CoFNH, 219728  13.172 0.000 9.427  80.776 230597  13.370 0 9.586 84.518
CeCNNH_* 308.399 15.555 0.000 13.278 112.410 326.397 15.783 0 13.713 118.631
CsCNNH; 297.500  16.675 0.000 12.968 109.048 313.857  16.951 0 13.207 114.671
CsNO NH.*copl  35.053  269.292 0.000 11095 105.147 35.821 285.177 0 11440 110.813
CeNO:NH*perp  35.053 264.938 0.000 11.095 103.147 13.601 279.842 0 33744 109.062
CeNO,NHzparal 257.429  36.216 0.000 10.86 101.502 271433  37.030 0 11.030 106.498
CeNONHoperp 255112 32597 0462 14531 100.746 286.621 33.386  -0.644 14729 105579
Discussion

The structures of linear triacetylene (1,3,5-hexatriyne) and the substituted linear triacetylenes of
this study are described on pages 13-5 and 13-6. For the NH, (sp®) amino compounds the distance,
angle, and dihedral were all three optimized for the first of the two hydrogens. None were optimized for
the second hydrogen; through symmetry relationships its bond distance and bond angle were made equal
to those of the first hydrogen, and its dihedral angle equal to but opposite in sign. For the planar NH; (sp?)
amino compounds the distance and angle were optimized, but not the dihedral for the first hydrogen. For
the second hydrogen, none were optimized but through symmetry relations the two N-H distances and
angles were made equal and the dihedral angles differed by 180°.

Stable molecules are minima on the potential energy surface and all vibrational frequencies are
positive. For unstable molecules, one negative (imaginary) frequency is expected indicating a transition
state. These include all of the planar amino molecules and the conformer of H,NC¢NO, where the NO,
plane bisects the HNH angle (Figure 1d). For this last molecule two negative frequencies were obtained
indicating a higher order saddle point. Table IV below is a summary of negative (imaginary) frequencies

obtained for triacetylenes, XCgY.
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Table IV. Data for Unstable Amino Compounds. NH,* is Planar (sp?) Amino.

X Y Figure No. Point No. of Negative = Symmetry
Group Frequencies

NH,* Hydrogen Coy 1 B,
NH,* Fluoro Gy 1 B,
NH,* Cyano Co 1 B,
NH,* Nitro (Coplanar) la Gy 1 B,
NH,* Nitro (Bisecting) b Co 2 B & A;
NH, Nitro (Bisecting) Id Cs 1 A"

Eight parameters were studied, one a, three B, and four y. Their symbols are listed in Table V
below. The Sum-over-States (SOS) approach to calculations has its basis in a perturbation theory method
developed by J. Ward in 1965 and gives the following basic equations for o, B(SHG) and Y(THG) (1):

T

rng + rgn rng

-0, 0+,

n

=35z

r..r

e I
—260;(!),0) = 8 mn mg

n,n, -O)nlg)(ZO)—(Dm)

| i o ons oy T T
Y(Bow.0.0)=p 3 (47;3)(&) —con,g)(zﬁ)-f:nzg )63“’ -0,)

ny,ny .0y

where o, B, and y are the (hyper)polarizabilities; w is the frequency of the incident light, e is the charge on
the electron, g and n, refer to the ground and excited states, and r is a coordinate associated with the
position of the electrons. For compounds such as acetylenes and polyacetylenes the important electronic
transitions are expected to be & to n* transitions. For such systems a two level model, developed by J. L.
Oudar and D. S. Chemla in 1977, works fairly well (1, 10). This model was the first one to take into

account the contribution of charge-transfer resonances within a molecule to the first hyperpolarizability (B).

13-10




This model can be reduced to an approximate equation for §, showing that when w or 2w is close to the

absorption band, B is enhanced (1):

3¢ @, fAR
2hm (@2 —0° (@7 —40?)

B(—20;0,0)=

where m is the mass of the electron, f is the oscillator strength, a4 is the frequency of the optical
transition, and Ap is the difference between the ground- and excited-state dipole moment. To calculate
values for v, a third level can be added to the model. The free-electron model has yielded useful
equations for y (1), including the technique of degenerate four-wave mixing (OFWM). The expression for y

measured by DFWM with all parallel polarization is (1):

1
Y orientation ='E,’§kT[(0‘n _0‘22)2 +(azz —0 s )2 +(Ot“ —0‘33)2]

where k is Boltzmann’s constant, T the Kelvin temperature, and o;; are components of the linear

polarizability tensor.

Table V. Symbols and Definitions. ( is the incident frequency).

v Frequency Dependent Polarizability oU—;00)
B(SHG) Second Harmonic Generation B(-2w;w,0)
B(EOPE) Electrooptic Pockels Effect B(—m;0,w0)
B(OR) Optical Rectification B(0;-w,m)
YTHG) Third Harmonic Generation M-30;0,0,0)
Y(EFISH) DC-EFISH Y-20;0,0,0)
YIDIR) Intensity Dependent Index of Refraction Y—0;0,—,0)

Y(OR) Optical Kerr Effect Y-©;0,0,0) = 10;0,~0,0)
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Table VI. Static and 1064 nm Data for Polarizability (o), Statistical Data, and Graph.

MOLECULE [X=a(0)  |Y = a(1064) [fited & I I i | | [
(a(0) x m)
Frequency Dependent (1064 nm) vs Static o
CeH2 60.576 62.836 63.222 Siope of Fitted Line = 1.0487
CeHF 63.923] 66411 66.716 130 R Squae .0 8904
CeHCN 89.471 93.483 93.380
CeHNO, 81.833 85.114 85.408 .
CoHNH,* 79.092 62.887 82.547 .
CeHNH;, 76.871 80.294 80.229 10 »*
CoFNH," 83.145|  87.289 86.777 4
CeFNH, 80.776 84.518 84.305
CeCNNH* 112411 118632 117.322 5 p
CsCNNH., 109.048]  114.671 113.812 i .
CeNO,NH_*copl 105.147] 110813 109.741 ® o
CeNONH,*perp 103.701]  109.062 108.231 .
CeNONH,paral 101.502]  106.498 105.936
CeNONHperp 100.746]  105.579 105.147 )
*
Siope = _|m = 1.04868703 .
SUMMARY OUTPUT s
= - | T 50 70 %0 110
legression statistics
Multiple R__| 0.99967076 Static o (a.u}
R Square 0.99934163
Adjusted R § 0.92241855
Standard Enf 0.45496549
Observations 14
ANOVA _
df 55 MS F___|Significance F
Regression 1] 4084.551418] 4084.551] 19732.74] 1.13711E-20
Residual 13 2.690916715] 0.206994
Total 14] 4087.242334
Cosfficients [Stancard Erron__t Stat_| P-value | Lower 95% | Upper 95% |Lowsr 95.000%Upper 95.000%
Intercept ol #N/A #N/A A #NJA #NJA #N/A /A
X Variable 1] 1,04868703] 0.001342497| 781.1465] 0.37E-32] 1.045786742| 1.05158732]_1.045786742] 1.051587319]

NLO data, statistical data, and a graph for polarizability () are presented in Table VI. The
relationship between (1064 nm) and static o is almost perfectly linear; R Square is 0.999. In the
monsubstituted series, o follows the relationship (see Table Il for actual values)

H< F< NHz; < NH;* < NO, < CN
which agrees with the linear diacetylene order. The disubstituted groups follows the relationship
F < NO, < CN
which again is the same as the diacetylene order (11). The polarizability changes very little from the static

value to the 1064 nm value, and the values themselves are low.
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Figure 2. Comparison of B data. B(SHG)(1064 nm) Vs Static § and (B(EOPE) = B(OR)) Vs Static Beta.

Table VII. Static and 1064 nm Data for Second Hyperpolarizability ySHG), Statistical Data, and Graph.

ySTATIC _ [¥(1064 nm) T | T I I
MOLECULE {0} WTHG) fitted v | [ ] [ [ |
Ho) xm v(THG) (1064 nm) vs Static v ]
CeHz 10249.7] 197177 80568.6 Slope of Fitted Line = 7.86058 ]
CeHF 12188.9] 240913 958119 1200000 R Square = 0.46825 ]
CeHCN 26981.3] 63945.9] 212088.8 ¢
CeHNO> 22485.6 50224.2 176749.9 ]
CoHNH,* 25448.1| 123739.9]  200036.9 |
CeHNH: 24753.2| 78071.9] 1945746 |
CeFNH,* 293459] 161246.8]  230675.9
CoFNH, 28407.8] 949617 2233019 800000 ]
CeCNNH," 64239.7| 587934.3] 5049615 3 N
CeCNNH, 58896.8] 2414486 4629632 s
CeNO;NH.*copl 62638.8| 1177420.4| 4923775 g . |
CsNO:NH,"perp 45364.4| 320659.1 356590.6 E—_ ]
CeNO:NH,paral 54578.4] 313937.7] 429018.1 100000 N
CeNONH.perp 44635.0| 161896.6]  350857.1 R ]
Slope = m= 7.86058331 L |
S . |
SUMMARY OUTPUT AT ]
o ® —
| o Py -
Regression Statistics ° 20000 40000 60000 80000 ||
Multiple R__ [ 0.68428928
R Square__| 0.46825182 Static y (1) .
Adjusted R S 0.39132875
Standard Err| 225825.847
QObservationg 14
ANOVA
df SS MS F Significance F
Regression 1| 5.838E+11| 5.84E+11| 11.44766] 0.005433498
Residual 13]6.62965E+11] 5.1E+10
Total 14]1.24677E+12
Coef-ﬁciants [Standard Errofl _t Stat P-value | Lower 95% | Upper 95% Lower 95.000%|Upper 95.000%
Intercept 0 #N/A #N/A #N/A #N/A #N/A #N/A #N/A
X Variable 1] 7.86058331| 1.490220356| 5.274779| 0.00015] 4.641158584] 11.080008] 4.641158584] 11.08000804

13-13



In Figure 2 is presented a graph relating 1064 nm data with static values for the first
hyperpolarizability B(SHG), and, for comparison, 1064 nm data of (identical values) for B(EPOE) and
B(OR) Vs static values. The R Square value for the B(SHG) graph is 0.942; the B(EPOE) = B(OR) is
essentially linear (R Square = 0.9991). Note that the point for the NH,CsNO, with NH, coplanar with NO,,
(X'=1113 a.u.) is out of line for the B(SHG) graph, but in line on the (B(EOPE) = B(OKE)) graph. The
monosubstituted linear triacetylenes give static B values of H< F < NO, < CN < NH, < NH,* which

differs from the order found in an ab initio study of linear diacetylenes (11).

Table VIII. Static and 1064 nm Data for YEFISH), Statistical Data and Graph.

YSTATIC _ [Y{1064 nm) i | | | | |
MOLECULE ¥(0) WEFISH) _fitted y | | | [ [ i
¥0) x m .
¥ (EFISH) (1064 nm) vs Static y
CeHz 10249.7] 1381098 18508.5 Slope of Fitted Line = 1.8058
CoHF 12188.9]  14863.4]  22010.3 150000 R Square = 0.95498
CeHCN 26981.3]  41218.1 48721.9
CsHNO, 22485.6]  32060.9 40603.7 .
CeHNH,* 25448.1 44284.0 45953.3 .
CeHNH, 24753.2|  38926.0 44698.5
CsFNH,* 293459  52072.3 52991.8
CeFNH, 28407.8] 453179 51297.8 100000 >—¥
CsCNNH,* 64239.7] 121189.2 116001.8 3
CsCNNH. 58896.8]|  98643.8 106353.8 £ L
CaNO,NH,*copl 62638.8] 1340570 1131109 é .
CeNO;NH.*perp 45364.4| 82064.8 81917.4 u
CsNO;NHparal 54578.4]  99407.8 98555.8 7 o000 .
CsNO2NH perp 44635.0) 73149.4 80600.3 :.0
Slope = m= 1.80576481 *
SUMMARY?UTPUT o
Regression Statistics o
Multiple R [ 0.97723266 0 20000 40000 80000 80000
R Square | 0.95498368 ¥ Static (a.u)
Adjusted RS 0.8780606
Standard Err| 8115.56819
Obsearvationd 14
ANOVA
df SS MS F Significance F
Regression 1/18163819708| 1.82E+10] 275.7842] 1.20755E-09
Residual 13| 856211811.1] 65862447
Total 1419020031520
Coefficients iStandard Erroll  t Stat P-valug | Lower 95% | Upper 95% |Lower 95.000%|Upper 95.000%
Intercept 0] #N/A #N/A #N/A #N/A #N/A #N/A #N/A
X Variable 1| 1.80576481] 0.053554476| 33.71828] 4.84E-14] 1.690067424] 1.9214622] 1.690067424| 1.921462202

13-14



Table IX. Static and 1064 Data for g(IDIR), Statistical Data, and Graph.

ySTATIC _ [y(1064 nm)
MOLECULE 10} YIDIR) fitted Y
¥0)x m
v (IDIR) (1064 nm) vs Static v 7
CeH, 10249.7| 12426.6 14967.9 Slope of Fitted Line = 1.46032 R
CeHF 12188.9] 148634 177997 120000 R Square = 0.98151 ]
CsHCN 26981.3] 36327.3 39401.4
CeHNO, 22485.6] 28262.1 32836.3 N
CeHNH," 25448.1]  36324.7 37162.5 . |
CeHNH, 24753.2]  38047.7]  36147.7 * ]
CeFNH," 203459 423711 42854.5
CsFNH, 28407.8]  382554] 414846 80000 >t C
CsCNNH,* 64239.7| 95984.8 93810.8 3 ]
CsCNNH; 58896.8]| 81640.3 86008.4 s * 1
CeNO:NH,copl | 62638.8| 1014228 914729 3 ¢ ]
CeNONH,’perp 45364.4] 66170.1 66246.7 s ]
CeNONH_paral 54578.4)  79803.1 79702.2 10000 o ]
CsNO,NHzperp 446350| 611473 65181.6 ° ]
Slope = m= 1.46032409 ¢ ]
SUMMARY (I)UTPUT 2 ]
Regression Statistics 0 ]
Multiple R__| 0.99071332 0 10000 2000 30000 40000 50000 60000 70000
R Square | 0.98151288 Static v (a.u) ]
Adjusted R § 0.90458981
Standard Err| 3916.50836
Observationg 14
ANOVA
df SS MS F SigniTicance F
Regression 1]10586888064| 1.06E+10] 690.1925| 5.66067E-12
Residual 13]_ 199407491) 15339038
Total 14]10786295556
Coefficients Standard Errof__t Stat P-value | Lower 95% | Upper 95% |Lower 95.000%\Upper 95.000%
Intercept o #NA #N/A #N/A #N/A #N/A #N/A #N/A
X Variable 1| 1,46032409] 0.025844962] 56.50324] 6.16E-17 1.404489457| 1.51615673] 1.404489457| 1.516158728

In Tables VII, VIll, IX, and Xl are given static yand 1064 nm values for Y(SHG), Y(EFISH), Y(IDIR),

and Y(OKE). The order of the static y values for the monosubstituted compounds is

H < F < NO, < NH; < NH;* < CN

All of the disubstituted compounds have higher values than the monosubstituted compounds and follow

the order

F < NO, < CN

with the exception of planar NH,CgNO,, which has the second highest value for static y. The vy values also

compare well with the diacetylene study (11). The most scattered line is the Y{THG) because of
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resonance effects (1). The other three graphs are closer to linearity, with R Square values closer to one

as can be seen in Table X below.

Table X. Statistical data for y (1064 nm) Vs static . R Square = 0.468 and Slope = 7.86,

YTHG)
WEFISH)
YIDIR)
YOKE)

R Square

0.468
0.956
0.981

0.997°

Slope of Fitted Line

7.861
1.806
1.460
1.189

Table X. Static and 1064 nm Data for y(OKE), Statistical Data, and Graph.

Y STATIC __[1{1064 nm)
MOLECULE ¥(0) WOKE) fitted y
70) x m
¥ (OKE) (1064 nm) vs Static y ]
CeH: 10249.7]  11268.1 12182.2 Slope of Fitted Line = 1.18854 |
CoHF 12188.9] 134454 14487.0 R Square = 0.9969 N
GsHCN 26981.3]  32367.6] 320683 80000 Py ]
CoHNO, 224856 25131.8 26725.0 N
CeHNH,* 25448.1 29921.8 30246.1 ° R
C¢HNH, 247532] 28391.2 29420.1 g N
CeFNH,* 293459 346732 34878.7 60000 BN
CeFNH; 28407.8]  32708.8]  33763.8 e -]
CsCNNH," 64239.7] 770935 76351.4 -
CeCNNH; 58896.8]  68731.8 70001.1 K |
CsNO,NH,"copl 62638.8]  77575.9] 744486 g 40000 ]
CsNO:NH,"perp 45364.4] 538467 53917.3 <3 o L]
CoNO,NH,paral 54578.4|  65042.7 64868.5 T s ]
CsNO,NH.perp 44635.0 517934 53050.4 'S
20000 ]
Siope = m= 1.1885387
S ]
SUMMARY (l)UTPUT ]
Regression Statistics 0 ]
Multipgle R 0.99844414 0 10000 20000 30000 40000 50000 60000 70000 :
R Square 0.9968807 Static 1 (a.u.) L
Adjusted R § 0.91996763
Standard Err] 1253.82036
Observationg 14
ANOVA
df 88 MS F Significance F
Regression 1] 6552387893| 6.55E+09] 4168.012] 1.26436E-16
Residual 13| 20436851.35] 1572065
Total 14] 6572824744
Coefficients \Standard Errol  t Slat P-value | Lower 95% | Upper 95% |Lower 95.000%|Upper 95.000%
Intercept 0] #NA #N/A #N/A #N/A #N/A #N/A #N/A
X Variable 1] 1.1885387| 0.008273936| 143.6485 3.39E-22| 1.170663048| 1.20641345] 1.170663948| 1.006413445
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Conclusions

Linear triacetylenes (1,3,5-hexatriynes) show linear relationships between the 1064 nm data for
the first (o), second B), and third (y) polarizabilities and the respective static a, B and ydata. This had
been observed earlier in this Laboratory for linear diacetylenes (2, 11). These linear relationships among
the NLO properties of o, B, and y indicate that simple models can be derived for understanding NLO
properties, and suggest the need for additional systematic study of related compounds (2, 10).

A consequence of this study was the discovery of a bug in the section of code which generates
the NLO properties for MOPAC 93. One of the methods for determining the NLO properties was found to
give erroneous values for all the different B processes. This information has since been communicated to
the developers.

The B(EOPE) and B(OR) values were identical, and gave better linear fit than the B(SHG) values,
R Square = .9991 Vs R Square = 0.9416. The difference is due primarily to the out-of-line B(SHG) point
for planar amino HoNCgNO,, illustrated in Figure Ib, which becomes in-line for either the EOPE or the OR
process. Similarly, in comparing the data for the second hyperpolarizability (y), the Y(THG) graph has
scattered points, R Square = 0.4683, while Y{EFISH), ¥(IDIR) and y(OKE) give good linear relationships of
R Square = 0.9550, 0.9815, and 0.9969 respectively. This result, that B(SHG) and Y(THG) each deviate
from linearity, is due to resonance effects. Both B(SHG) and Y(THG would be complex near a resonance
(1).

The graphical relationships of this semiempirical study of triacetylenes show behavior very similar
to the ab initio study of linear diacetylenes (11) done in this Laboratory. It also shows the feasibility of
future studies to provide theoretical data toward gaining a fundamental understanding of the mechanism
of NLO activity (11).

This study focused on the polarizabilities (o) and the first (B) and second (y) hyperpolarizabilities.
However, the semiempirical calculations generated much additional data worthy of future study including

thermodynamic properties, frequencies, moments of inertia, tensor values, etc.
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CATALYTIC GASIFICATION OF PITCH CARBON FIBERS WITH SILVER,
CERIUM OXIDE, AND PRECIOUS-METAL-DOPED CERIUM OXIDE
Larry Murrell
Senior Scientist
Materials Research Laboratory
Pennsylvania State University
Abstract

Pitch carbon fibers have been gasified with silver metal as the catalyst to produce large geometric-shaped
cavities which extend well into the fiber structure. The presence of large cavities was confirmed by: 1) Atomic Force
Microscopy of the gasified fibers, 2) nitrogen adsorption to determine the surface area, 3) absence of macro-sized
pores as determined by mercury porosimetry, and 4) adsorption of a colloidal oxide sol into the fiber structure. The
failure of silver to generate the desired smaller sized pores for the fibers investigated was determined to be due to
silver agglomeration to form large particles. Extensive silver agglomeration was even established for the case when a
silver sol was deposited onto the fiber surface. The gasification of pitch fibers was also investigated in the case
where cerium oxide was adsorbed onto the fiber surface in the form of a sol of ca. 4 nm diameter. Although this
oxide was less active than silver in the gasification reaction, the oxide structure would make agglomeration on the
fiber surface less likely than the problem identified with silver. It was discovered that by doping the cerium oxide, or
ceria, surface with silver, platinum, or rhodium, that the gasification was enhanced. This enhancement is due to the
modification of the redox properties of the ceria surface itself due to the precious metal oxide redox contribution. In
contrast, palladium doped onto the ceria surface showed no enhanced catalytic function over that of ceria. The fact
that the gasification temperature was lowered by 150°C compared to ceria in the case of silver-doped ceria suggests
that there is a strong possibility of modification of the pore structure formed by the ceria versus the silver-doped
ceria particles acting as the gasification catalyst. The comparison of the pores formed within the fibers from these

two novel gasification catalysts will be determined in future work.

14-2




CATALYTIC GASIFICATION OF PITCH CARBON FIBERS WITH SILVER,
CERIUM OXIDE, AND PRECIOUS-METAL-DOPED CERIUM OXIDE

Larry.L. Murrell
Introduction
The use of silver to catalytically gasify carbon fibers has been investigated in recent work by Hoffman et. al. {1}
where the goal was to remove only a small fraction of the carbon surface for use in composite materials. The
evidence from detailed microscopy of these samples suggests that silver can channel across the carbon surface
thereby removing material to form shallow troughs on the fiber surface. In earlier work Harris et. al. {2} and Baker
et. al.{3,4} showed that silver could, in addition to channeling across the surface, attack successive layers of the
graphite basal plane forming pits or “flower-pot”structures into the graphite sample. The use of silver, or another
catalyst, that could produce cavities_controllably of from 20 to 100 nm diameter would provide a novel conducting
support which could be used for various application, including electrochemistry as micro electrodes with controlled
porosity. Another novel application of these porous fibers would be to grow oxide or zeolite crystals under the

influence of a static or an alternating charge on the surface of the pore walls of the fiber.

Methodolo
The carbon fibers used in this work were obtained from Amoco Oil Company and were designated as unsized high

pitch carbon fibers, K1100X. These high pitch fibers were reported by Amoco to have a B.E.T. surface area of ca.
0.4 m*/g. This agrees with the surface area determined by ABB
Lummus-Crest Inc. to be 0.29 m%g. The calculated surface area, based on the size of the fibers being uniformly 12
micron diameter, is 0.15 m*/g. The low surface area of the fibers dictated that the silver catalyst precursor be
deposited by either evaporation of an aqueous or a non-aqueous solution of the silver nitrate salt. The carbon fibers
were cut into 2 inch long segments and placed paralle! in the bottom along one side of a beaker to which the silver
salt was added. The fibers were not easily wet by either water or acetone. The fibers were continuously immersed
and separated from one another in the impregnating liquid for a 15 minute period, and then the beaker was placed in
a drying oven set at 120°C for one hour in the case of an aqueous impregnation or allowed to evaporate overnight in
a hood in the case of an acetone impregnation. Following drying, the initial investigations of the gasification were
carried out by placing the samples in ceramic boats directly into a muffle furnace at the gasification temperature of
interest or pretreated at 200 or 400°C. The extent of gasification was monitored by periodic removal of the samples
from the furnace. The fibers were weighed by placing the fibers on weighing boats made of aluminum foil which
allowed for rapid cooling of the fibers. Rapid cooling of the fibers lead to consistent determinations of the relative
extent of fiber gasification. Subsequent gasification of the fibers were done in a glass tube reactor placed in a
horizontal tube furnace where the air flow rate was maintained at 300cc/min. The temperature was monitored by a
thermocouple within the reactor in close proximity to the fibers which were either in a ceramic boat, or directly
14-3



placed in the reactor. Large quantities of fiber were gasified by placing the fibers in the reactor itself. The amount of
gasification was usually in the range of from 10 to 40 wt % of the fiber in order to generate significant pore voids or
pore volume within the fiber. Following gasification, the fibers were examined either by AFM or by optical

microscopy to determine how attack had occurred on the exterior surface of the fiber.

A 0.14 wt% silver sol of size range from 20-50 nm diameter was adsorbed onto the carbon fibers. The silver sol had
to be diluted by a factor of 100. The adsorption was done in a darkroom and the slurry after thorough mixing with
the fibers for 15 min. was evaporated to dryness at 120°C. The, as prepared, and the gasified fiber were analyzed by

optical microscopy in order to see if an large structures could be detected.

A cerium oxide or ceria sol(CS) of 4 nm diameter was obtained from P.Q. Corporation as a 20 wt.% slurry based on
CeO,. The sol was diluted to make a slurry such that 0.1 wt.% CeO, would be adsorbed from 5-10 cc of the slurry
onto the carbon fibers. This weight of ceria would be ca. 1 % coverage of the carbon fiber surface. The sol was
shown to adsorb onto the carbon fibers by observing the gasification activity of the fibers where the sol slurry was
decanted from the fibers after a 15 min. contacting period. Gasification of the fibers showed that the CS had been
adsorbed onto the surface of the fibers. In subsequent preparations, after a 15 min. contacting period with the CS or
precious-metal-doped CS the sol-fiber mixture was allowed to evaporate to dryness at 120°C so as to ensure
uniformity in comparison on a weight basis of one sample to another. The preparations of the precious-metal-doped
ceria samples involved dropwise addition of solutions of the nitrate salts of silver, rhodium, and

palladium and the ammine nitrate salt of platinum to therépidly stirred ceria slurry. After the addition of the metal

salts the slurries were protected from light as the silver-sol slurry was found to be light sensitive.

In a special case the ceria sol was deposited onto the fibers and then dried at 120°C. In a second step the silver nitrate
was deposited to give a sample with 5 wt.% silver on the basis of the ceria present on the carbon fiber surface. This
amount of silver is very small compared to that employed to gasify the fibers when silver was employed as the
catalyst itself. The silver was undoubtably localized on the ceria sol particles as evidenced by a very high

gasification activity.

Results and Discussion.

A. Carbon Fiber Gasification with Silver From a Silver Nitrate Precursor

In the initial investigation of K1100X carbon fiber(CF) gasification with a silver catalyst 1 wt% silver as the metal

was deposited from an acetone solution of silver nitrate. The sample was found to be completely gasified after an

overnight treatment(16 hrs) in air at 500°C. In contrast, a sample of the fibers with no silver showed no weight loss
14-4




after this same treatment period. Chris Levan at Amoco confirmed that pitch fibers show no appreciable gasification
when calcined at such low temperatures in air. After a 700°C calcination the CF with no catalyst present exhibited a

few percent weight loss after a one hour treatment in air, as a reference point.

Because of the complete gasification of the 1 wt.% silver/CF sample an analogous sample was investigated for a
500°C calcination where the gasification was monitored as a function of time in minutes. The cumulative weight loss
was 12.9,20.4, 29.6 after a 1, 2, and 3 min. period, respectively. The rate of gasification is approximately linear with
time. This linear gasification rate was confirmed for a second sample prepared in a similar fashion. The AFM
micrographs of these catalytically oxidized CF samples showed that very large cavities had been formed in the
surface of the fiber. In these images large interconnected sections of the fiber had been removed, often leaving
regular shapes such as squares and triangles terminating the edges of the cavities. In other regions, regular squares or
rectangles were commonly observed on the order of 100 to 170 nm length of the segments removed. The main
conclusion from this investigation is that the desired small 20 to 100 nm dimension pores were not observed in the
exterior carbon fiber surface. The reason that large geometric sections of the fiber are removed could be explained
by the fact that once basal plane attack has occurred then the silver particles channel across the surface producing the
removal of the large geometric sections observed. Another explanation for the gasified structures produced in the
fiber exterior surface is that the silver particles are very large and attack large segments of the external surface of the
fiber due to their large size. This would leave open the possibility that smaller pore structures are produced in the
interior of the fiber not visible by AFM. Subsequent nitrogen surface area and mercury pore distribution analysis
showed conclusively that this is not the case--large cavity structures are produced throughout the fiber structure.

In an attempt to produce smaller pore openings in the fibers the gasification was investigated for 0.1 and 0.01 wt%
silver loadings on the fibers. Again, the gasification was carried out at 500°C. For both of these samples about 1 %
gasification occurred after 1 minute and then ceased after 10 min. in the case of the 0.1 % sample and after 2 min. in
the case of the 0.01 % sample. The AMF micrographs showed no evidence for either of these samples that small pore
structures were formed at the surface of the gasified CF. Only the presence of large geometric cavities could be
detected at the exterior of the fiber surface. In subsequent work, a 0.1 % silver catalyst was found to maintain
gasification activity at 550°C which lead to the large cavity structures similar to those formed by the 1 % silver
gasified sample previously discussed. It is not at ali clear why the lower silver content samples failed to maintain
activity at 500°C. However, it is very clear from the results obtained that low silver loading levels on the CF using
our acetone deposition technique probably do not produce a uniformly roughened surface as apparently observed in
the Hoffman work{1}. Rather, the silver at these surface concentrations on the fibers either agglomerates to form
large cavity structures prior to gasification, or attacks the carbon surface by channeling in a fairly small percent

coverage of the fiber surface leading to the isolated and lAarge cavities observed by AFM.
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Another strategy which was investigated to form smaller cavities or pores within the fibers was to carryout the
gasification reaction at lower temperatures. For a 1 wt.% silver on the CF, 2.3% gasification was obtained at 450°C,
and 0.9% at 475°C. This same sample showed an additional 1.3% weight loss upon taking the sample to 500°C,
whereupon the activity ceased. Therefore, it must be concluded that the pretreatment steps at 400°C and 450°C were
effective in deactivating the silver catalyst that was responsible for generation of the large cavities within the fibers
observed in previous experiments. This result may well be due to the conversion of a silver oxide or silver suboxide
to the metal at a temperature of ca. 400°C {5}. If the temperature was increase to 550°C then rather slow gasification
ensued.The weight loss was 12 and 15.6% after a 15 and a 30 min. reaction period. These results indicate a rapid
initial gasification process which then slows markedly at increasing time. Two separate samples of 1 wt.% silver on
CF were pretreated at 200°C and 400°C. The sample treated at 400°C showed almost no gasification activity when
calcined at 500°C, whereas the sample treated at the lower temperature exhibited the same activity as that observed
previously with no pretreatment. This result confirms that silver gasification of CF is strongly impacted by
pretreatment at a temperature of about 400°C, and that there is no impact on silver gasification by treatment in air at

a temperature of 200°C, or below.

B. Carbon Fiber Gasification with Silver From a Silver Sol Precursor

In an attempt to obtain CF gasification without formation of the undesired large, geometric-shaped pores , silver was
deposited onto the fibers from a colloidal silver so! precursor. The silver sol was obtained from EY Laboratories,
Inc. of San Mateo, Ca. and contained particle of size ranging from 20-50 nm diameter. Two silver loading levels
were investigated, 0.1 and 1 wt.%. The 1% siver-sol/CF sample exhibited sluggish gasification compared to the
sample prepared from silver nitrate where the nitrate salt was rapidly decomposed at the gasification temperature of
500°C. This would tend to confirm that silver may be a less effective catalyst than a silver oxide or silver suboxide
particle of similar size range. For the 1% silver-sol/CF sample the cumulative weight loss was 5.1 and 10.3% after
10 and 20 min., respectively. The 0.1% silver-sol/CF sample showed no gasification activity at 500°C or 550°C. By
increasing the temperature to 600°C gasification of this 0.1%Ag/CF commenced with 5.6 and 11.1 % weight loss
after 10 and 20min., respectively. In comparison, a 0.1% silver/CF sample made by adsorption from acetone
solution had a 20 % weight loss when treated at 550°C for 60 min. The remarkably lower CF gasification activity
exhibited by a silver catalyst made from a silver sol compared to the analogous sample made from silver nitrate
decomposition is probably not related to a major difference in the particle size of the active phase since rapid
nucleation of silver is anticipated from the rapid decomposition of the silver nitrate at 500°C. The difference in
catalytic activity is probably due to the lower activity of silver metal compared to an oxide or a suboxide particle of
silver. The lower gasification activity of the CF when silvér sol is employed is consistent with the greatly suppressed
activity observed for the case where a silver nitrate/ CF sémp]e is pretreated at a temperature where conversion of
silver nitrate to silver metal is probably extensive{5}
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Optical microscopy showed extensive pitting of the exterior surface of the CF after gasification at 500°C for the 1%
silver-sol/CF sample. Optical microscopy also revealed that silver particle were clearly visible for both the 0.1 and
the 1% silver-sol/CF sample prior to gasification. These samples had been dried at 120°C for 1hr. prior to
investigation by optical microscopy. Apparently, it is very difﬁc;llt to obtain a dispersed silver phase on the carbon
fibers investigated in this research program using either a silver nitrate, or a silver metal sol as the precursor of the

active catalyst.

C. Carbon Fiber Gasification with Ceria Particles and Precious-Metal-Doped Ceria Particles Obtained From a Sol

Precursor
Ceria has been used extensively in the automotive industry as a promoter of the three way automotive catalyst{5}.
Ceria has also been suggested to be an interactive phase for stabilization of precious metals under automotive
catalyst application conditions{6-10}. Recent work of Murrell et. al. {11} brings into serious question if ceria
particles function to retain any precious metals associated with the ceria phase under cyclic reducing-oxidizing
conditions, which is the basis of operation of the currently used three way catalysts. Since fiber gasification may well
involve an oxidation-reduction cycle at the surface of the catalyst it is speculative if metals doped onto the ceria
particles can retain catalytic function under fiber oxidation conditions. Nevertheless, it has been shown that low
levels of platinum on ceria have CO oxidation activity at ambient temperature conditions{12}. Therefore, it was
decided to explore the possibility of carbon fiber gasification with ceria itself acting as a catalyst, and then to
progress to precious-metal-doped ceria. The seminal idea of this research thrust was that ceria particles, being
unreducible to the metal, would be less prone than silver to agglomerate under the temperature window required for
fiber gasification. If ceria was found to act as a catalyst for fiber gasification, then precious-metal-doped ceria
particles would be explored to determine if the gasification reaction could be carried out at sufficiently low
temperatures compared to ceria itself that the structure of the fibers from the different catalysts would be different.
It was found that ceria adsorbed onto the fibers from a 4 nm diameter so! precursor was indeed a fairly active catalyst
for gasification of pitch fibers. The first experiments that were done involved contacting the fibers with sufficient
ceria sol to give a loading level of 0.1 wt.% on the fibers. This corresponds to ca. 1% coverage of the fiber surface
by to ceria sol particles. In an attempt to ascertain if the ceria had indeed adsorbed on the fiber surface the following
procedurewas used. After a 15 min. contacting period with thorough mixing of the fibers with the sol slurry the
excess solution was decanted from the fibers. After drying for 1 hr. at 120°C the sample was investigated for fiber
gasification. It was discovered that significant gasification ensued at 550°C. The analogous preparation was carried
where the solution was not decanted from the fibers. For this modified preparation procedure the gasification was
shown to be essentially identical to that for the sample prepared where the solution had been decanted. These
combined results strongly suggest that the ceria sol has completely adsorbed onto the fibers in a 15 min. period, and
that essentially no ceria remains in the slurry phase. The preparation was repeated and scaled-up for ca. a 0.6 gram
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preparation of the fibers where the solution was removéd by drying at 120°C. The rate of fiber gasification was
essentially identical for the larger sample size. For this sample the gasification was done for sufficient time that about
20% gasification had occurred (ca. 40 hrs.). The nitrogen BET surface area was determined to be 2.4 m?*/g. This
strongly suggests that despite using a very different catalyst than silver very large cavities are produced in the
gasified fibers when ceria is the gasification agent. This result is especially surprising in that very low levels of ceria
were deposited onto the fiber surface prior to carrying out the gasification reaction. Because of this negative result of
failing to produce a high surface area carbon support using ceria as the catalytic agent we proceed to investigate the
case where the oxidation activity of the ceria was enhanced by doping the surface with precious metal/metal oxides.
Recent work has shown great enhancement in the oxidation activity of the ceria when low levels of platinum, or other
metals are doped onto the ceria surface{12}. The hope is to use the ceria particle formed on the fiber surface from
the sol to anchor the precious metal/metal oxide so that they could serve to attack the basal planes of the carbon
fibers to generate holes or "flower-pot” structures into the fiber. The results in Table ! show that doping the ceria
surface does indeed serve to enhance the rate of fiber gasification. The major surprise from the research thrust was
that silver on the ceria surface was superior to an of the other metal/metal oxides investigated, i.e., rhodium,
platinum, and palladium. The surface of ceria has a very substantial ability to oxidize metals to the corresponding
oxides under oxidizing conditions due to a Strong Oxide Support Interaction{12}. The leve!l of metal to which the
ceria can strongly interact corresponds to 5 wt.% platinum. Five % platinum corresponds to 2.36 wt.% silver. It can
be seen in Table 1 that silver is effective in enhancing the activity of ceria in fiber gasification at a critical window of
concentration on the ceria surface. Silver shows a slighf enhancement below the 2.36% level where silver oxide is
expected to be present exclusively as a strongly interacting surface AgO complex. The enhancement in activity
becomes very large at ca. twice that of the level where AgO is expected to be present. At still higher levels the
catalyst reverts to that of ceria itself or slightly lower. It is tempting to speculate that at the higher silver levels that
silver becomes encapsulated into the bulk of the ceria due to restructuring of the sol as has been observed by Murrell
for platinum on ceria when made from a very small and reactive sol phase{13}. However, it is also possible that at
the higher siilver levels that silver convers to the metal which is able to interact strongly wiht the redox centers which
are required for fiber gasification, and thereby serve to deactivate these redox centers. Developments in Raman
spectroscopy suggest that by employing in situ Raman techniques that it may be possible to resolve the issue of how
the fiber gasification is so markedly impacted by silver concentration on the ceria surface. The closest analogy to the
enhancement of the ceria gasification activity by silver on the ceria surface comes from work where rhenjum
segregated to the surface of tungsten particles was found to be a highly active catalyst for graphite gasification under

oxidizing conditions{14}.

Conclusions

Silver is an active catalyst for pitch fiber gasification leading to removal of large geometric segments within the

fiber. Decomposition of silver nitrate to form the active 'catalytic species at the gasification temperature of the fibers
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leads to a more active catalyst than formed from a silver so! precursor. Pretreatment of silver nitrate on the fibers at a
temperature where silver metal formation is likely leads to greatly impaired activity compared to the silver nitrate
directly decomposed to the active catalyst. The surface area of the silver gasified fibers was 1.6 m?/g compared to 0.3
m?/g for the untreated fibers. Ceria was found to be a less active catalyst than silver, but has the advantage that it
could be adsorbed onto the fibers as a colloidal or sol phase. The surface area of the ceria gasified fibers was 2.4
m?/g which suggests that a similar gasification mechanism may be operative as that for the more active silver
catalyst. The mechanism may be surface channeling which would accounts for the inability to generate a substantial
surface area for the catalytically gasified fibers to date. The substantially higher activity for silver-doped ceria
compared to either silver or ceria holds the hope that the desired high surface area may be achieved for the

catalytically gasified fibers in ongoing experiments.
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Abstract

Second harmonic generation of laser light in glass films was studied. Laser light froma Nd: YAG (A = 1.06 Hm)
laser was coupled into a 2um thick glass film. Second harmonic signal was detected when either an external electric
field was applied across the waveguide, or when the film was seeded with second harmonic light overlapping the
fundamental radiation. Experimental results demonstrate that when an external field is applied, the second harmonic
signal is proportional to the square of the applied field. However, this signal decays to some steady state value,
indicating a screening of the applied field within the waveguide. When second harmonic signal is film generated, the
growth of the signal can be slow, and in some cases oscillatory. It has been proposed that this growth is the result of
an asymmetric current within the film. Modeling of charge transport within glass films suggest that when the carrier

lifetime is longer than the diffusion time, oscillations in the film generated dc field, hence in the second harmonic signal,
can be expected.
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CHARGE TRANSPORT AND SECOND HARMONIC GENERATION
IN GLASS WAVEGUIDES

David Statman

1. Introduction

The generation of second harmonic signal from glass fibers, waveguides, as well has bulk glass has been well
documentedt. When, for example, infrared light from a Nd:YAG laser (A=1.064 pm) is coupled into a glass waveguide,
green light of half the wavelength of the IR pump (A = 0.532 ptm) may be generated. This is observed either when there
is already available some seed green light, or when the infrared intensity is great enough that there is sufficient
spontaneously scattered green light to allow self seeding. At first glance, this phenomenon is enigmatic. By symmetry
considerations, materials with a second order susceptibility, allowing the second harmonic generation of light, are not
allowed to have a center of inversion and cannot be amorphous. Glass as a fiber, film, or in the bulk defies this
description. It has, however, been proposed that second harmonic generation in glass is a third order process in which
the third order susceptibility, x®, operates on an internal DC electric field to produce an effective second order
susceptibility?, i.e.;

XD =Y Epe .
If this DC electric field has a spatial periodicity corresponding to the phase mismatch of the pump and signal beams;
Eoc o< cos (AB z), AP =P..-2f. ),

where B, and B,. are the propagation components of the fundamental and second harmonic in the waveguide and z is
the direction of propagation, then the effective second order susceptibility is exactly phase matched for efficient second
harmonic generation.

This possibility has been demonstrated by Weitzman, Kester, and Osterberg®. When an external field with a
spatial dependence given by Eq. 2 was applied to a glass film using interdigitated electrodes, second harmonic signal
was observed. The signal was found to be proportional to the square of the applied electric field. This is exactly what
is expected from Eq. 1. This raises the question as to what the source of this DC electric field is. It has been proposed
that this DC field is the result of charge migration*. It is a space charge field. In order for such a space charge field to
be generated, an asymmetric photocurrent has been postulated which drives the charge migrations.

In this report, second harmonic generation in glass films is studied. Experiments were conducted to investigate
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the time dependence of the generation of second harmonic signal. Models using an asymmetric photocurrent were
employed to try to explain experimental results. In section 2, the experiment will be outlined. In section 3 results will

be given. Modeling of the dynamics of the space charge field will be presented in section 4, and conclusions presented
in section 5.

2. Experiment,

A Nd:YAG laser was mode-locked and Q-switched. The output of the laser (A = 1.064tm) was sent through
afrequency doubling crystal to generate green light (A =532 nm). With the use of dichroic mirrors, the two wavelengths
were separated and prism coupled into the glass film waveguide (see Fig. 1). The input beams could be angle tuned
to couple into any of the desired waveguiding modes. In these experiments, only the zero mode was studied. Care was
taken to make sure beam overlap was maximized within the waveguide. Measurements were made with a
photomultiplier. Shutters were placed in the path of the green beam and in front of the photomultiplier. Interdigitated
electrodes with a spacing of 19 4 m were placed up against the glass film. The electrodes were rotated until second
harmonic generation in the absence of green seed was maximized. This angle was 3.1+, corresponding to a spacing of
21/AB =19.03um = 19 pm. The aquisition of data was automated with the use of a MacIntosh computer and Labview.
Measurements were completed studying the growth of second harmonic in the presence of seed on one film, and the
dynamics of second harmonic in electric field induced second harmonic (EFISH) in another film. Attempts were also

made at measuring currents in the film when the second harmonic signal was seed generated.
3. Results,

In the presence of an applied electric field with a periodicity of about 19 um, second harmonic light could be
generated from the fundamental IR pump in the absence of green seed light. The EFISH signal was observed
immediately after the application of a voltage across the interdigitated electrodes. The initial signal intensity was found
to be proportional to the square of the applied electric field, as expected from Eq. 1. This is shown in Fig. 2, where the
second harmonic intensity is shown as a function of applied voltage. The voltages were varied from 0 to 50 V,
corresponding to applied electric fields ranging from 0 to 250 kV/cm. It was observed, however, that the EFISH signal
decayed to a steady state value within a few seconds. This is shown in Fig. 3. This steady state value was not zero.
There appeared to always be some second harmonic generationin the presence of an applied electric field. This suggests
that some process occurs in which an electric field is established to oppose or screen the applied field. The fact that there
was still some second harmonic signal at steady state indicates that this screening is not complete. To test this, the
applied field was turned off. As seen in Fig. 3, upon the switching off of the applied field, the second harmonic signal
immediately increased, and then decayed to zero. The amount of the increase in signal was that expected from an

electric field equal to the amount screened. This was done several times with different applied voltages, and pump
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intensities.

There are a number of possible explanations for this screening effect. One is that of charge transport within
the bulk material. Charges may drift in the presence of the applied field establishing a secondary field to screen the
applied field. Screening may not be 100% because it is dependent of the number of charges available for screening.
The conductivity, however, of glass is quite low, and it is expected that it would take minutes rather than seconds for
this process to occur. Even the presence of green light (EFISH signal) where there is expected to be some two photon
excitation of electrons into the conduction band, hence an increase in conductivity, cannot account for the rate at which
this screening takes place. The second possibility is dipole relaxation within the glass film. As in the first possibility
of charge migration of charge transport, this is a bulk effect in which there may only be partial screening of the applied
electric field. This expalnation, too, is not without its problems. While the relaxation time for charge transport within
glass is slow and expected to be on the order of minutes, dipole relaxation is expected to be much faster than the
observed screening dynamics. A third possibility is that the applied field is screened by surface charges on the
electrodes or the film itself. While this possibility is consistent with the measured relaxation times, one would expect

that surface charges can screen 100%. Thus the screening of the applied field still remains an open question.

In a second set of measurements, the growth of seed generated second harmonic, also referred to as film
generated second harmonic ( but not to be confused with self seeding), was measured. Previous unreported results had
shown that sometimes the growth of second harmonic was not exactly quadratic, as expected from some modeling.
Instead, the second harmonic signal oscillated in time as it grew to its steady state value. This observation had been
reported in the literature as wellé, In this experiment, similar results were observed. The second harmonic signal was
initially observed to oscillate. This oscillation was damped. However, as the oscillation was decaying, the signal began
to grow quadratically, as expected. This is shown in Fig. 4. A possible explanation of this transient phenomenon is that
when the carrier lifetime is longer than the carrier diffusion time, the carriers drift in the presence of any driving fields
or forces. The current density in the film oscillates. On the other hand, when the carrier lifetime is less than the
diffusion time, then the carriers are effectively site hopping. Any oscillatory behavior is overdamped. The oscillations
may be an indication that the carrier lifetime is, indeed, longer than the diffusion time. This will be explored in more

detail in the next section.
4. Model,

As was discussed in the introduction, it is likely that second harmonic generation in glass is the resultof the
third order susceptibility operating on an electric field grating with a periodicity satisfying phase matching conditions.
In this section, the dynamics of grating formation is discussed. Others have proposed that grating formation is the result
of two processes. The first process involves the excitation of electrons into the conduction band. The band gap in glass

is about 4.5 eV. Therefore, excitation may occur with two photons of green light, one photon of green light and two
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photons of infrared light, or four photons of infrared light. It is assumed here that electrons are excited with two photons
of green light. With the availability of electrons in the conduction band, the conductivity of the glass increases. The

second process involves the proposal of an asymmetric photoconductivity. In this model, the current density from the
asymmetric photoconductivity is proportional to the product of the square of the optical field of the fundamental

wavelength and the complex conjugate of the optical field of the second harmonic wavelength, plus the complex
conjugate;

Ju= 09 (B2 Bu* +c.c.) 3).

o is the asymmetric photoconductivity. Calculations based on this model have had some success. Clearly, some of

the gross features of frequency doubling in glass waveguides result. However, some of the other experimental

observations, such as oscillations in the second harmonic intensity cannot be predicted by this model.
In order to improve on the model, two extra terms were included. For the first process of two photon excitation,

the process of recombination and trapping was included. Thus, the process of excitation and recombination could be
described by

do/dt = [(s/hv) LJ]*(Np- n+ple)-yn(n-ple+N,) “).

n is the carrier density, p is the charge density, e is the electronic charge, N and N, are the donor and trap densities,
respectively, s is the cross section for two photon excitation of green (A= 532 nm) light, and yis the recombination and
trapping rate constant. Since it is not generally the case that the recombination rate constant is the same as the trapping
rate constant, the trap density, N, is actually a renormalized trap density.

The second addition was to the current density. In addition to the Ohm’s law term, relating current density to

an applied DC electric field via the conductivity, and the asymmetric photocurrent (c.f. Eq. 3), is a diffusion term. Thus,
the current density is given by

J =0 Epc +0® (E2En* + E,*E,,) -eDVn (5).

o is the conductivity, and D is the carrier diffusion coefficient. From continuity, the time rate of change of the charge

density is given by
dp/dt =-VJ 6).

Since the conductivity, G, is proportioanl to the number of carriers, it is also proposed here that the asymmetric

conductivity is also proportional to the number of carriers. This is based on results from nonlinear susceptibilities in
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plasmas. In addition, if the asymmetric conductivity were independent of carrier density then the asymmetrically

induced electric field grating would decrease in amplitude with increasing carrier density. This is not the case. Hence
O = jen ; 6O = pen @)
W is the linear mobility and p® is the asymmetric mobility.

In order to solve Egs. 4 - 7, the transverse profile of the waveguiding modes must be known. Using normal
mode analysis for the fundamental beam 1 and the second harmonic beam 2 , the transverse electric field components
for the TM modes j and k propagating in the z diretion are given by’

Eyy(x,t) = (1/2) Ai{2) 61,(y) 014(x,2) expli ( By z -, t )] ®

Exu(x,t) = (1/2) Axx(z) ¢u(y) 02x(x,2) €xpli (Box 2 - 02t )] (&)

where the field distribution in the y direction (perpendicular to the plane of the waveguide) and x,z plane, respectively,

within the waveguide is

6y(y) =Ccos[ (@? k2 - B2y - 8] 10)
6yx)=[1+QRiz/Bwp) I2exp{-x2/[wg+(2iz/By)]} an.
k; = @/c is the free space wave number, 1 is the refractive index for the fundamental (i = 1) or the second harmonic (i

=2), Cis determined from boundary conditions, and wy; is the waist of the beam in the x directionatz=0.
With these input modes into the waveguide, the DC electric field grating is given by

Epc = [ Eox(t) Wax(y) 8:x(x,2) + Eo.x¢;(t) Yiu2yx (10017625 + EosaWi21a(y) 017 824*2 + c.c. ] cos (AB z) (12)
Y (y) = exp{ i[(07 k7 - B2 y - & 1}
Viayy) = exp( i{ [(07 k2 - B +2 (n2ke - BAV )y -6, - 28, })
Viax(y) = exp(i{ [(02 ko2 - Ba2)? -2 (2 ke - B2 ly -8, +28, 1) ,

where Epc is related to the charge density p via Poisson’s Equation
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VeegEoc = p. 13)
From Egs. 12 and13, the space charge field and the charge density grating can be treated as 3 separate gratings with
transverse spatial frequendcies K. = (n2k2 - B2d?, Kuz = (07 ko? - Boi?)2 + 2 (n2k - B, )], and Kz = [(ng2 k2 -

Bad™ -2 (02 ky2- By v, The dynamics of the space charge field can be found in the solution to the time dependent
amplitudes.

With Egs. 12 and 13, Eqgs. 4 - 7 can be linearized and simplified. Separating the charge density and carrier

density, p and n, respectively, into their transverse components, their time dependent ampltiudes are found as the
solutions to

dny/dt = -0,/ Tz + Pafti- D *fty + ¥/

dp./dt =-52 K32 ny/ts- pfta- i K; By

dnyo/dt = -04f/ T + Pra/T - Do T + Prof Ty

dpia/dt = -1 K17 044/ Tg - Praa/Ta - i Kyug By

dn,/dt = - 0o/ tx + Prad Ty -0/ Ta + Prafty

dp.o/dt = -p? Ki52 0,5/T4 - profTa- i Ko Ex (14

where Ey = 0® n IQw) I()¥32. In Egs. 14, the carrier lifetime, 1y, charge lifetime, T, cross relaxation time, Ty, and
dielectric relaxation time, Ts, are given by

&= U +7 (Na +1,)]
%= 1/(f +Ymo)
W = 3/(45;)

Ta = E6/(ejin,),
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fo = [(s/v) <L.>]

where n, is the mean carrier density. It too is time dependent, and is given by

Do = o[ Noi ~Ngw =(Nos/No)(Dx - Dow) €XP(-Kt)V/[ D ~Dow, (N - D) €XP(-KL)]

where

x=[(G+yYNI)2+47£N, J2

N = (K -+ YNJ )2y

N = (-x- fo +7 Ny )2y

and ny is the initial mean carrier density. The Debye screening length in Egs. 14 is given by

ID2 = Dta = e&kaT/ezno

where D is the carrier diffusion coefficient.

One of the problems in solving Egs. 14 is that the lifetimes and even the Debye screening length are also time
dependent. However, in order to understand the qualitative bahavior of the space charge field, and hence the time
dependence of the second harmonc signal, it is assumed that the mean carrier density, n, is already at its steady state
value. Another problem in solving Eqgs. 14 is that the values for such parameters as mobilities, recombination rate
constants, and cross sections are not known. Therefore, the various lifetimes are also not known. In order to get around
this problem, Eqs. 14 were scaled to the dielectric relaxation time. With such scaling, general statements about the
expected behavior of the space charge field can be made with respect to relative lifetimes. This has an advantage in that
future experiments can be better defined regarding the relative values of these parameters. In the calculations, the
dielectric relaxation time was estimated from a resistivity of about 107Q cm, giving a dielectric relaxation time of about

330 s. While this value is reasonable, because of scaling, it is not important.

Eqgs. 14 is solved as an eigenvalue problem with three pairs of eigenvalues. Each pair is associated with one
of the three gratings and is the dominant pair of eigenvalues for that grating. The K; grating is not coupled to the other
two gratings, and is therefore independent of them. It only has one pair of eigenvalues. On the other hand, the K., and
K., gratings are coupled, and therefore each grating has both of the two remaining pairs of eigenvalues. But, each
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grating will have mutually exclusive dominant eigenvalues. If any pair of eigenvalues are complex conjugates of each
other, then the space charge field will be oscillatory as it relaxes to its steady state value. If any of those pairs of
complex conjugates do not have a real component, then the oscillation will persist indefinitely.

The question to raise, then, is whether there are conditions under which the eigenvalues are complex or
imaginary. It turns out the answer is yes. This can be seen by taking the time derivative of Eqs. 14. When this is done,
it is clear that the charge and carrier dynamics behave like coupled harmonic oscillators. When the product of the
diffusion time, Tar = T&/(K? Ip?), and the charge lifetime is less than the square of the carrier lifetime, the space charge
field oscillates. Carriers move in a harmonic well, hence damped oscillatory dynamics can be expected. On the other
hand, when that product is greater than the dielectric relaxation time, the oscillators are overdamped. The carriers are
in a "site-hopping" mode.

This was explored by varying the intensity of the seed green light in the calculations. By doing so, the ratio
of the carrier lifetime to the diffusion time was also varied. It was found that at higher intensities, all three pairs of
eignvalues were real and negative. In this case the diffusion time was much greater than the carrier lifetime. Each
grating relaxes to its steady state value multiexponentially. This is shown in Fig. 5. In Fig. 6, the resulting second
harmonic intensity is shown, when it is assumed that the intensity is proportional to the square of the amplitude of the
space charge field. As the intensity was decreased so that the ratio of carrier lifetime to diffusion time was greater than
unity, each pair of eigenvalues became complex conjugates. This is shown in Figs. 7 and 8. Clearly the amplitude of
the space charge field, and hence the intensity of second harmonic light oscillate as they relax to their steady state
value. These figures, should be compared with Fig 4. It is important to note, however, that each pair of eignevalues did

notbecome complex at the same intensity. There were a range of intensities where only one or two of the three gratings
had complex eigenvalues. This is expected, considering that the diffusion time is dependent on the transverse spatial
frequency of the grating.

These results can be summarized by a simplified statement (perhaps oversimplified). When the carrier lifetime
is longer than the diffusion time, the carriers are in a diffusion mode and are seen to demonstrate the damped oscillatory
behavior seen in a potential well. This behavior is expected at low intensity levels of green light. When the carrier
lifetime is shorter than the diffusion time, the carriers are in a site hopping mode and they exhibit overdamped dynamics.
This behavior is expected at higher intensities of the green light.

3. Conclusions

The second harmonic generation of light in glass films was studied. It was confirmed that this process can be
facilitated by applying an electric field grating across the waveguide, although the appearance of partial screening is still
enigmatic. Additional experimental evidence was obtained to demonstrate that the film generated second harmonic light

is the result of a space charge field, although the asymmetric photocurrent is still elusive. An interesting result was the
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observation of oscillations in the intensity of the film generated second harmonic light. It was shown that this is
expected for low levels of seed green light, because at those levels the carrier lifetime is much longer than the diffusion
time of the carriers.

These results demonstrate the need for more experimental work. It is clear that the model presented above
needs additional verification by determining the values of the charge mobility and photoexcitation cross sections, etc.
By varying the intensity of the seed green light, the existence of the diffusion and site hopping regimes can be verified.
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Effects of Temperature on various Hematological Parameters

W. Drost-Hansen, Department of Chemistry, University of Miami.
and Student Co-investigator, Ramu Tummala, School of Medicine,
University of Alabama.

ABSTRACT

Using human blood samples, we have determined the effects of temperature on the
following hematological parameters: Erythrocyte Sedimentation Rate (ESR), Mean Red
Cell Volumes (MCV), Mean Platelet Volumes (MPV) and the sodium/potassium ratio in
the plasma of heat-treated whole blood. As described in previous Reports, ESR data

obtained over the range from about 30 ©C and up to approx. 52 OC show distinct, abrupt

and frequently dramatic changes near 45 OC and somehat similar changes are observed at
this temperature in the measured volume properties (MCV and MPV) and ion-distribution

data. The temperature range from 44 © to 46 OC is known to be a critical temperature
range for all mammals and birds and is indeed the upper thermal limit for such organisms.

As stressed in our earlier Reports, the dramatic effects near 45 9C undoubtedly reflect the
transition at the third vicinal water thermal transition temperature (Tx=3) which is known

to affect a large number of parameters of the cell-associated water [see papers by Drost-
Hansen et al.]. Some measurments of the same parameters have also been made at lower

temperatures, for instance from 8 © to 25 ©C and from 20 © to 37 °C. Some indications

of anomalies near 15 O and 30 ©C have been seen (corresponding to the lower, critical
thermal transition temperatures for vicinal water, Tx=1 and Ti=>) but the anomalies at

these temperatures are far less pronounced than the 45 © C anomaly. To insure the best
resolution practical, measurements have been made over the different temperature

intervals at increments of 0.6 © to 0.9 OC using our Temperature Gradient Incubator (TGI
or "Polythermostat") which allows for simultaneous measurements at 30 different,

constant temperatures. Earlier we have proposed that the distinct changes near 45 ©C
(Tx=3) may play an important role in hyperthermia treatment of malignancies. While the

findings in the current study do not prove this supposition, the data are consistent with this
proposal: dramatic changes appear to take place at this critical temperature in such
parameters as the ESR (probably reflecting reduced Red Cell-aggregation and/or
rheological changes in the blood, likely related to vicinal hydration changes of the proteins
present), and/or intracellular ion or solvent activities, and possibly changes in the stability
of critical membrane-associated proteins or enzyme activities. Such changes may indeed
preferentially affect the thermal stability of malignant cells compared to normal cells if the
relative abundance of vicinal water in malignant cells differs from that of normal cells. The
latter proposition is likely true as it is well-known that malignant cells have notably
elevated water contents compared to healthy cells. The excess water of the malignant
cells more closely resembles "bulk water" (solvent) than vicinal water.
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INTRODUCTION

The Erythrocyte Sedimentation Rate (ESR) has a long and distinguised history as one of
clinical medicine's most frequently used diagnostic indicators and in spite of its lack of
specificity and the advent of highly sophisticated electronic Hematology Counters the test
continues to be in common use. A great deal of research has been reported on various
aspects of the fundamental processes underlying the ESR yet our understanding of the
aggregation and sedimentation processes remains notably incomplete and in fact
unsatisfactory. The present study was initiated about five years ago in an effort to
contribute towards a more complete description of the ESR in terms of the underlying
adsorption phenomena, transport processes, biochemistry and basic cell physiology. In
this connection we have stressed the response of the ESR to temperature. a subject not
frequently dealt with in the literature.

In the Clinical Laboratory the ESR is usually determined at room temperature [taken to be 25 OC in USA

but probably closer to ca. 20 OC in other locations, say Northern Europe, and likely higher than 25 OC in
many tropical, Third World Countries]. We have previously advocated that it may be usefull, on a routine
basis, to determine the ESR at two (or more) different temperatures, such as to obtain a temperature
coefficient (i.e. d[ESR)/dt). We continue to explore the possibility that such a temperature coefficent may
contain valuable diagnostic information and in view of the ease and low cost of the ESR measurements
such an approach may be well worth the extra effort. The great drawback of such measurements at this
time is the lack of any historical data for the temperature coefficient but considering the temperature data
obtained in the present study, including the enormous variability in the effects of temperature on the ESR,
it is highly probable that d[ESR}/dt does indeed contain some important information. In view of the fact
that the temperature coefficient is a differential quantity it is conceivable that it does not depend on some
of the variables known to affect the ESR itself such as age of the patient or obesity.

EXPERIMENTAL PROCEDURES

As in previous years under the aegis of the AFOSR Summer Facuity Research Program,
ESR data have been obtained using Wintrobe tubes. The blood (usually 50 ml) was
obtained from human volunteers by antecubital venipuncture. Unless otherwise stated, the
blood was drawn in plastic syringes (60 ml capacity) to which had been added 1.0 ml 0.25
molar sodium EDTA solution as anticoagulant. Depending on the experiment the blood
samples were either stored at room temperature before using, or, if measurements at

higher temperatures were planned, at 36 0- 37 OC. Usually the blood was used within one
after collection. Routine Hematology characterization was made on all blood samples
immediately after collection using the Baker 9000 Hematology Counter. Such
characterization of the blood was also made at the end of each series of ESR
determinations; thus, in general 30 complete sets of blood characteristisc were determined
after completion of exposure of the blood samples to the various temperatures in the
Temperature Gradient Incubator (TGI). In previous years we have demonstrated that
after exposure to the various temperatures the observed volume changes of both
erythrocytes and platelets remain nearly exactly unchanged for at least two hours (and
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frequently longer) after removal of the blood samples from the TGI. Thus the relatively
slight delay between removing the tubes from the TGI and the time the 30 samples could
be run on the Hematology Counter is not likely to introduce spurious variations.

As in previous years we have used Wintrobe tubes exclusively for the ESR determinations;
the reason for the choice of the Wintrobe tubes is purely by convenience: Westergren
tubes do not fit into the constrained geometry of the sample wells in the TGL. With
practice, each Wintrobe tubes could be filled with blood [using a Pasteur pipette] in about
20 - 30 sec, and the entire range of sample wells in the TGI filled in about 10 to 15
minutes. Readings of the sediment heights was subsequently performed at the same rate as
the charging of the TGI bar and the entire experiment therefore constitues essentially truly
simultaneous measurements. With experience it is possible to read [or rather, to estimate]
the sediment height to within (0.1 to) 0.2 mm insuring excellent precision (note the
extremely small scatter in the ESR data shown in the Data Section of this Report).

The Temperature Gradient Incubator (TGI or "Polythermostat") has been described in
previous Reports; a brief summary is given in the Appendix. The TGI provides 30
different, constant temperatures; the temperature constancy in any given run (over two -

three hours) is within 0.1 ©C in each well - and sometimes notably better. The
temperature gradient was obtained from readings using five or six different thermometers
in different wells along the bar, using the second set of wells for the controls. The
temperature readings were used on the computer to provide a least square best fit over the
entire bar, usually to a second degree polynomial and frequently with extremely good
correlation coefficients (R = 0.999+). The difference in temperature between adjacent
wells may readily be varied. In nearly all the runs described in this Report the temperature

difference between samples has been 0.6 © to 0.9 OC, thus providing excellent resolutlon
in the temperature dependence of the different variables.

A number of sodium and potassium analyses were made on blood plasma after incubation
of the whole blood for varying length of time. The ion analysis was made with a clinical
ion-analyzer, based on ion-selective membranes. As most of the determinations were
made on samples which were nearly identical except for their thermal history it is assumed
that errors in absolute ion concentrations essentially cancel out. The samples were most
often taken from the Wintrobe tubes after an ESR series of measurements. The Wintrobe
tubes were spun down at RPM for 10 minutes and the supernatant plasma removed
with Pasteur pipettes and transferred to 1 ml sample vials for the measurement of the ion
concentrations. In most all cases sodium, potassium and chloride ion concentrations were
determined. Corrections were made to the sodium ion concentration to allow for the
sodium added as anticoagulant (NagEDTA).

Dilutions: In some cases the whole blood was diluted using "Lactated Ringer's
Solution", manufacured by Baxter; nominal (calculated) osmolarity: 273 mOsmol/liter, to
which had been added 2.0 ml 0.25 Molar NagEDTA per 100 ml lactated Ringer.

16-4




]
!
|
|
t
|
|
|
|
i

i
1
.
|
_
i
]

EXPERIMENTAL RESULTS

NSV
miNsI-.- -

[SELECTED, TYPICAL DATA]

|

1
wow o
. “ -
. A R RN B L
¥ o
sans” |07
ll< m
' wy
nogund =
- 3
o™ w3
'
\ 14
ot
101 U1 sanap| ¥ e ainjeradutay sA ¥S3I
nyeradina |
“ .
o i .
" o - 2
3
{lxll ]
:...\\l mn g
4
ll\: 4&1\&\4\-\ .w.
o%e” a\\ a 2
=<c
-\\‘ o
/Z\.\\ 14
sjeAIaI| 1] SHOLIEA JO) ajnperadhing ‘sA ¥SI
« nos
Bk R
L e
R AR
SHEHRT- @ - .
LI B o
st
o o
e S 2
an® 3
lllll ot 3
- s
- el iaad L
i
oo?VY <r
oV a

SjEAIajUp AN ] SNOUEA JO) einjesadwia) SAHST

{2} eimicsadiue}

- .
ol .
/ .

9t
{01 U 2y | seye eanrIedwo] “$A HSI
(D) sinyraadwag

% T T B

R R O L T T

TN NS ........_........,..o
ERIEE R L j <
m
st

SeAsa)U| DU SNOLIEA JO} imjesadwat 'SA HSI

(9) ssnjesediuey

s{eAIajU| WL SHOPTA 1T amjesadwa] "sA YS3

(ww) ¥s3

{wuw) Us3

{wwl us3

15) simeiadwa]

onopty — M~
nop ¢ =
wno 2 ~ @~
"oy | - om

o

4

[

2

{

M

3

3

ost
sreasoyy
ow) SNOPEA Jo) Binjesadwdf “$A PANIIS SIULISIQ
"z HSI—P—
IR ER B

m

[}

n

3

3

[14
S|PAIDIU] BWIL SNOHEA JO) amjesadway ‘s ¥S3

‘(19H) WID0JRWIAL] puk Jouop jo

a9k ‘apoo Jouop ‘awdxd jo adAy
‘uoneqNdUI JO A JO AJRUIUNS 10)
poday siy) Jo pus Yy e 3[qe |, S

8- 1

SINODII

16-5




Distance Settled vs. Temperature for Various Time Intervals
94TGI19B (BD)

Distanca Settted vs. Temperature for Various Time Intervals

FIGURES 9 - 12 ‘ )

VAV A,

H Distance Settled vs. Temperature for Various

! Time Intervals N
) 50
i
. 2.
| .OJ ,ﬁ‘%
&
.3 S0
[
4 H
"8 e 3 0.
; : \
] ree- M
- " —— 1 Hour 3
! 50 ~&— 2 Hours é
: {—f— 3 Houts!
: 00 -« e e e, A Hours:
: N Y M e D 0w M- B0 | —m—$ Hours'
: ~* Iz 2T 2 28RFR ’ 40
. Temperature {°C} \
20 s
- oy
Change in ESR vs. Temperature for Various Time Intervals —e=3ran
94TG1028 (RT) "
———% ot
—.— i neny
Change in ESR vs. Temperaturs for Various Time Intervals
90
=S8 232 o;:ofzoRozoiosog
Temperature °C)

s +mi
H —— i
s i
: [ ndli b
2

2

o

In (ESR) vs Temperature after Two Hours

In (ESR) vs. Temperature (2 hrs)
34TGI028 (RT)

Temperature (C)

i (ESR)

28 -

348 2 38 W4 mn 7S B2 38 »s 08 08 “s «1 428
Temperaturs (C)

16-6




v bl
FIGURES 13-20
In{ESR) vs. Temperature for Various Time Intervals
in (ESR} vs. Temperature for Various Time Intervais
35,
g ——in i
z "_:" ——n2ns
2
£
21 ¥ e o R
O T T S T R T
& A 8 2 R B 9
Temperature (C) Temperature (C)
(1A 2nm
In {(ESR} vs. Temperature for Vanous Time Intervals
340 -
i
]
320 |
300 }
. F 280
] w
W £ 260 .
=
240 ;
einthe ! 220 ¢
- ? LREY
2 lmin2nes . . *
23872 L e e e e e - 0 e e c e A A e Walm
98 324 38 a4 38s 4 428 2 " % a2 3 &2 % 8 8 % %3
Temperature (C) Temperature (C}
i
: ESR vs. Temperature after 1 hour ESR vs. Temperature for Various Time Intervals
70- s
56 -
53 \
g 40 3
Ev £
x @
430 @
20 /
o i—®—=ESR 2 nis
;—@—ESR Ins
03 e e . . e - i—a—ESR 4 s
361 387 332 438 35° 485 48 495 51 - S-S A - Il A
LR A TSR
Temperature (C) Temperature (C}

MCV vs. Temperature After Four Hours
in TG!

MCV vs. Temperature after Two Hours n TGl

- N
2 § ¥
s H
; H 39
e 3 =
. < {
3 > s
s 3 /
> <.
2 . NN.‘H’ r“v
L 4
3t
e w e s L »
3 - . . “r - wr
b ! A 3 H E v AN

Temoutature iC)

16-7

Temperature (C)



RETIT 24 o

e

(a8} gczIoLve

191 Ul SINOH aasy] Jaye ainjesadwa) “sa sajdwes ¥S3 Jo ADW

]
(
{0} amrsadiua i

» ~ " ~ » w
" " n o~ . 1
o - -

(3uouMw N3t Agw

191 1t sinoy om ) Jsye einjesadwa) “SA ADW

{suorau) AOH

(D) sinrindiuny

-
" . ©
"
'

- »
-~ - o
~ -
' '

JO1 uf $an0]{ oMy Jaye sunjesadwal “$A ADW

z
(3]
<
a
£
3
8
o
3
K}
4]
onjesodwo)] ‘SA ADW
{0) mimrsndinng
w8
- -
o
5
iR <
0
L] £
3
8
(L
s
on
1:]
6

191 U} anoy euQ soys eimesadwet ‘$A ADW

1]

e

99

"

LL

oa

%

{suosow ‘n3) AW

(2) ssniesadwng

¢ 8 &8 8 & R ]
22 o 32 a8 6 a8
P o
"!ﬂ!.;
9
L
00
201
oL
a0

191 U} SINOH OMY
Jay anpeIadwial ‘SA JWINJOA )30 LRI

9C - 1T SHUNODIL

(suosoiw "n3) AOW

16-8



- fE
.
.
L3
-0

L]

S5

191 U sunol x1g 33ye mamesadura) “sa s3jdiwes Y53 50 ADW

(dy) gzzIoLre
191 U1 SINOYH x1S Joye armesadwa] ‘sa sajdwies ¥YS3 jo ADW

1.0 ssriainn

((SuoIIwy ASN

191 1 sInop| ano 4 saye mmeiadn ] $a ADW

{suarsam Aw

1D1 Ul san0}| Jno Jaye aanjesada) "sA ADW

{o} aameradwag

.
XY
nta
Sre
Ve lgsa
\ i ssa
Foan
191 U) SINO{ b Ja)e simesadwal 'sA AW
(0,) smwindsy
I I I S SR T S
VLA o hH e om0 omom
" A

Y
)
-

om m n
R

SjeAIB)U BLULL SNOEA JO) RinjeIndiun] 'SA ADW

{suciany ‘N3 AN

' SUOINWY ADW

( Suosar) AJW

m

(2.) minjesedwe

T T S O N N BN AR oA w
PR A O e N B I I B ] aonaa
4 B DV M st e non e om
T T R T R R R

191 Ul sanoy ZZ seye samesadwa) “sA ADW

(3.0 mamrraduen)

3g ) Py Aoy 1wl g
[ET3 TEIN
A By Aopg 1384

apboirg patpr)

arhueg HS |- @

191 ut sinojs Z 1ayje osmesndial “SA AW

g€~ LT SHANOL

(A8
noa
nsae

oo/

osn
~Poo0s

066

nont

[t

\g

§n

”
]
PR I

oy |

{SUQIdw) A

16-9




10} S mtony

16-10

s e mn w s s e e . i aw REETREEEEERE LY B T T Tt U
N -» PR
. . -
-0
b e o o s o-to :
. . . o0 -t -0
.
e oo . o -om
! i m i
— 3 - - . -t ¥
"
o . . R E L
-~ 1
"'I‘\‘ m
e cam .
" “v..
¢ R | ] '
Wenniog 18BUNY PEIEIIEY Uiw S1NINIE § 41 DOBIA MAUAL 10 SDEIUSII0g UB PILTE USH
b -= -0 XL}
" -oem )
101 W1 5o By S0y Bnserodum) Sa S0dweg YET 0 ADW o100 og s bess o4 Lorduns PO 19 ADW
iedwa g a0 18 HOUM IO VOIS 84 ADW 101 W 830K IT 0us Smissedwe] ‘s SMIWES PRINNG 10 ADW .
(du) 8z2191v6 (08} geuoLvs i (08) BEHOLYS
sanieiadws) snopes {80} 812192v¢ 101 U] LINOKH Xi§ Jeye aimesediue] ‘sA sedwEg HER JO ADM | £ uj LinoH snog Jeye SWet ‘A 5 panua 0 AN
1% UONPGNOL] SINOH $31YL 181JE POOIE BIOUM JO UOIEAUSIOD "SA ADW 101 U} SINOH ZZ 284T S1niesadwin) “sa saidwRS PANIG JO ADW - L —
S T e Y . e e ——
tony ST iayeswmeaey T T - 1) omeamtan) N z_ ” -:. - e e
A O T Y T LY TR TR L IS I T L L O L R S L o : ot 16 T E 8 W d o
v e e te I D T0 f® e A% S B 0 e P TR 5 T k€
TG MA T b Ao SR o TR A .
' ‘
. . limo
M " -" t : .
. | .
. . - ———r :
ah et _ oo
. .
- " LE - ¥ STANOL - *
: . ‘ * e : dave _
3 ¢ . ,
. ) _ _
u i e —
3 . . L (1] N
i 1 !
* il -
. > . - . H
ne
, .
. . . . o fom
. .
. o e . . i~
. -
.o
- L4 (1]
! " * ansen -
s . - ] Iy B ok
' . .
Iy - 8¢ STUNDIA - s
. . in . . "™
. -e i
Gwes BRINRG I8 A 1OL W1 ooy ut Joye Smatssdusny "SA SrWTE O 10 ADHY |01 W1 SmeH SR ST IR B4 FardunE WE1 9 ADN
s 101 W SIney 12 I6US wITIedwe "ox Berdu
tsal {ag) B61IOLYS (08) Ge110LYE (18) BozZIOLYE
8q) 8121916

191 U N0} OM] J8yE Bunjesedwal
D1 U] $aNOH 8AL3 sayE sinjesadwa) “sa SIdwes ¥SI JO ADNW —

saidweg painig Jo AOW

syt esnjnaedus
191 U] SINOH T Jeye asmpesadwiey ‘sa sadwes peINQ §O ADW 154 U LINOH S81y1 Y esed

aa sogues ¥S3 10 AOW _

e




{1, dinreandn g

1 tsmy paor)
e Aoy b €

fnpy pw
g Ay 17d €

< E AN —

g o) - e |

s{eaImtf Ay
snouep Jo) anjesadwa) sa sajdwes painiq jo AdW

(9} ameiadiag

[ S S S L
N O At .- - N
a
X
i
'I'\:')f G/
]
[}
sf
.
]
S$6
191 1 oy auQ smje simesadun ] Sa AdW
{:3) ernpe
moson ok oBos ,.o® o owowo, R
v N W e e e
P
a
. ’
f-t\-.('l/l\
. .
13
- ol
"

2injesadia) sa AdW

{SUOINW N AgW

suornw) aan

{suoIdw "nd) AdwW

{3} mimeindwey
“w (3] [N Y IS R -
gygeLsyYRNERN e e
A S R I T T
e N N
e

a6

g’
*
f
+*
v~ od o
a2 = =
{suoimml "n3) AdW

e85
JO1 Ut S0} Jno so)e simpesadwo] ‘sA AdW

{o) amrindiuay

N W w w om N
IS S S S T L
LA
o

°

Can ¥ !

La

o

m

1OL Ul SO} om] Jalje ainjesadiua) “SA AdW

{5) mmeandwa)

o
2
{sucsw A3 AdW

zoh
ral
90t

101 W SIn0H| oMy Je ainjesadwag ‘SA AdW

($uCINW A AW

(7.) memprandung

NoMNoWR

D1 U1 S2NOY Jno Jaje asmesadwal ‘SA AdW

144

(o) mmirsadmag

”~ » w w o 'y
) ; o i3 1S "
s - - -~ " '
e S e v
1a
i
<7

aimesadwa] ‘sA AdW

6v - Ty SHUNDIA

(SUOITIm AT} agn

{suoi) AdA

16-11



13 smpeendway

FET N P Y TR 8
O Y 1Y

15 srmmrebwey

- .-,
Leort —o—'

A

1D1 91 $310H VIS Iy SUGNEIUEIUO] vo) J (perdesse]) soniey

(30 esmersedwey

E3
«
a
(]
"z
(54
-
e
sor
s
iar

: k 3 ¢ 2 E PR
g s BT L w PR t Tttt DL W1 ek £ 10yt SInpeIndwe] 'S4 AN
. ond ;
nx‘u\/\ " i @ b .
123 _u_
_n-sg'(‘}‘— _
|t By et 4 : " “
{ [T p— .\ _ { .
i _..x....luu/\ "y \z m .
l o -

\.\/\/ \\$ L m = - _i .
/ Aermersalls £5 - 0§ STANDIA .

"
% ) cuoIEUPIUBD LO) )0 [peI>auOD) SONTH :
e 101 V1 03n8H 1S JUT RISt ‘Sa BdumE YED 1% AdN

{ag) gelO1rs
191 U} INOH XiS Jeye samessdway ‘A sejdwes ¥SI JO AdW

{1t $mok 1003 J8UE SO UOH J0 [PAI8n0T) S0NTY

Ve buny PRELIT] YN PO Snduweg popnio shesony Busaoy wrey sanil
uafIngeg sobuy PAETLITY UM Powne] Sndunt -
12,3 women by £3) omesaduoy
P b8 E g 3 YR £ s 5, 8% ¥Ed 1) oty ad coanteny
T e Ce e |e LIS TN P SR PR T B L T L L LN LN L L LN e em Ev w an e te s an e e s @
t..f_.n,_ | 1ol - - /( - o | o re mem e e m e e mc e
1ol e - 3 tartee-| | I ;
xl\.l‘ a H i ”
/.\1 o fo ¥ o
n44|ocdc¢\~)¢... m Y
s . "
« +
|
] e g Tl ! | .
e M venen/ l'or . ot
LI .
/On!ih rngew’ [ _ :
o 101 U3 InoH O] SUE SONTY LS| ' ! -t
o . .
. . .
\\ “ dee L t
= 1 . R
S A * i1 4
. . -6
. : '
101 W1 93001) GmL SPYT SUOHEAUSSUOD U0 10 (POIIEwOI) SONTY - -
-t
.o '
[rpemr— 31 srameretwy . . i ; e
trEuREaYY | :
P . "
................... ° i
« o . . ! ,
‘e B .
L] 3 N
o . -4
.
“ 7 . . .. .
‘o 3
[ .
e . 1 "
R 09 - by STUNOLL . . . e i
* s
ooo-v-ooont’\! « " :
3—1-1!5‘55}».:-3‘-‘2’; f 101 W N8N Smy Jous SRdun g PAINKQ 1 AN
I s mout o _ )
(01 W sanoy omL 18y ishauy o) . wroerndirey v lremen porsesmesh bub{ond ; tas) gsnoLre {ag) g61101ve
' 101 U} $200K INOJ SO BiMEsedie] ‘SA sejdweg PONIQIO AN ' 191 Uj SInoH OMm[ Jeye sinjtisdway sA sejdwes PEINIO JO AdW

16-12



DATA ANALYSIS

ERYTHROCYTE SEDIMENTATION RATE DATA
Figs. 1 - 5 show typical ESR curves as function of temperature (for various settling times)

from approx. 30 to 54 ©C. The curve-shape is characteristic: a general increase from

approx. 30 OC to about 43 (to 44) oC, followed by a pronounced, sometimes dramatic,
drop (to effectively zero settling velocity) at higher temperatures. The scatter in the
curves is usually remarkably small; frequently deviations from a smooth curve being less
than 0.2 - 0.3 mm (see for instance Fig. 2) while in other cases the scatter may

occasionally be somewhat larger, say +/_1 mm (Figs. 3, 5). Between approx. 30 and 43

OC, the increase in the ESR is essentially exponential as illustrated in Figs. 12 - 16. The
linearity of the log-plots is often very good (Fig. 12) but (weak) systematic variations may
occur (compare for instance the data for two hours of settling as shown in Fig. 12 and in
Fig. 16 - note that the blood samples came from different subjects). However, in general
it appears fair to conclude that good linearity is observed. Over the temperature range
investigated, the temperature in OC and the reciprocal of the absolute temperature (in
Kelvin) are very roughly proportional (see the Appendix for a justification of this). In

view of this, plots of log[ESR] (or In[ESR]) vs. temperature (in ©C) are essentially
Arrhenius graphs ["poor man's Arrhenius Graphs"]. Thus, a single straight line in such a
graph suggests that only one rate-controlling process is involved and the slope of the line
is essentially proportional to the apparent energy of activation (AE,) for the rate-

controlling process. In general we find AE, to be rather small, say of the order of 4 to 5

kcal/mole, suggesting that the rate controlling step may be a diffusion process or a viscous
flow mechanism, for instance depending on the viscosity of whole blood or of the plasma.
As the settling progresses, the slopes of the log [ESR]-vs-temp. curves tend to become
smaller (and of course ultimately close to zero in those experiments where a final
sedimentation height has almost been reached). We return to the question of the slopes of
the settling graphs and their possible diagnostic value in the Discussion Section.

The abruptness of the change near the critical maximum temperature is particularly easily
seen in Fig. 11 in which the ESR curve has been numerically differentiated. Note in this

graph the abrupt drop for temperatures above 43.5 ©C and the sharp minimum observed
after two or more hours of sedimentation, centered near 44.9 °C - i.e. quite precisely the
45 OC for the third Drost-Hansen Thermal Transtion Temperature, (Typ).

A number of measurements have been carried out also at lower temperatures. Such
measurements were made because ESR measurements in the Clinical Laboratory are

usually made at Room Temperature, ie., generally 22 ©to 25 ©C. In other series of
measurements we have also determined the ESR over temperature ranges including 15 ©

and 30 OC as these temperatures represent two other Thermal Transition Temperatures
(Tq and Ty, respectively) for vicinal water.
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In Fig. 6 the settling was followed for 4 hours but no evidence is found for an anomaly
near 30 OC. Likewise, neither Figs. 7 nor 8 offer any evidence of a transition near T; on
the other hand. in previous ESR measurement at CID in 1989 and 1991 anomalies were
indeed seen near 30 ©C. We have no immediate explanation for this variability.

Professor Glaser and co-workers in Berlin have published convincing data to show
anomalies in the ESR (of resuspended RBCs) near 21 - 230C. Only occasionally have we

observed indications of such an anomaly in the ESR but from time to time we have seen a
suggestion of an anomaly at this temperature range in other properties of the blood. In al

probability the 22 © anomaly is unrelated to the vicinal water structure; instead it most
likely reflects a phase transtion in a cell membrane lipid. Note that the two curves in Fig.
7 and 8 do not appear to increase in similar manners with temperature and may indeed not
be well represented by an exponential curve.

A few measurements have also been made at lower temperatures. Thus Figs. 9 and 10

show the erythrocyte settling over a range of temperatures from 7 to 24 ©C. At these low
temperatures the rate of settling is notably less than at the higher temperatures as would be
expected if the viscosity of whole blood (or the blood plasma) exerts a rate controlling
role. Similarly, the rates of other processes influencing the settling rate will also be
affected, for instance the rate of rouleaux formation is likely also decreased at the lower
temperatures. Because of the lower rates of settling, measurements were possible over
longer time intervals; as an example settling data were obtained over a six hour period in
experiment 94TGI19B. Unfortunately the scatter seen in both Figs. 9 and 10 makes it
impossible to determine if an anomaly (due to vicinal water) exists near 15 °C (due to the

vicinal water ) or near 21 - 23 OC (due to a membrane lipid transition) as suggested by
Glaser's data.

CELL VOLUME DATA

A large number of Cell Volume Data have been collected, both on RBCs as well as on
Platelets, over a wide range of temperatures and in some instances after dilution of the
samples with lactated Ringer solution and incubating at various temperatures over
different time intervals. [All cell volumes expressed in cubic microns: (um)3 = 10-12 ml
= a femtoliter (fI); 10-13 liter].

MEAN ERYTHROCYTE VOLUMES (MCV).

A) Figures 19 through 26 show MCYV data obtained on erythrocytes from
whole blood after incubation at various temperatures for different lengths of time. Overall
the data resemble quite precisely the volume data we have collected in previous years.
The typical variation in the MCV as a function of temperature is a relatively small, gradual
increase over the range ca. 30 ©C to about 43 © to 440C; the increase is usually 1 to 2 %
(with one exception, see Fig. 26); note the rather small variations from a smooth curve,
suggesting excellent reproducibility of the volumes as determined with the Baker Model

9000 Hematology Counter. Characteristically, the gradual increase up to nearly 44 ©C is
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followed by a distinct and sometimes dramatic drop over the range of temperature from
about 44 © to about 46.5 (*/. 0.5) ©C. The minimum at this temperature is frequently

very sharp, followed by a large, abrupt increase in the MCV up to about 51 ©- 52 OC.
Above this temperature range the MCV again drops and again the change may be quite
dramatic (!) - see for instance Figs. 24 and 25. Note that in all cases observed (in this
study as well as in those data collected in previous years on both human blood and blood
from about a dozen different mammals) the MCV values near the relative maximum

around 51.5 ©C are much larger than the values below the 45 ©C anomaly.

B) Measurements of MCV has been made also on RBCs from whole blood
diluted with lactated Ringer solution; unless otherwise stated, the dilution is 5:1, --
Ringer:blood. [Undiluted samples are referred to as "ESR Samples" as these are the
samples used for the ESR measurements].

In Fig. 27 is shown the MCV for whole, undiluted blood after 2 hours incubation in the
TGI compared to the MCV of diluted samples after the same length in the TGI. The two
curves are relatively similar but distinct differences do exist: a) over the whole range of
temperatures the MCVs of the diluted samples are larger than for the undiluted samples.
The difference in volumes below the thermal transition region [approximately around 42

O (to 45 O)C] is 2%. This suggests that the lactated Ringer solution is not truly isotonic
with the plasma in the whole blood. b) The variations with temperature of the RBC in the
whole blood are typical of the general response of the MCV to temperature as discussed
for Figs. 19 - 26. However, the drop in MCV at higher temperature for the diluted

samples begins already at about 42 OC which is distinctly below the range generally
observed, 44 © - 45 OC; at this time we have no explanation for this behavior. ¢) The
minimum in the MCV - vs - temp. curve for the diluted samples is centered around 44 °C,

or ca. 2.5 O below the value for the whole blood. d) the rise from the minimum to the
maximum value of the MCV curve for the diluted samples is as steep as observed for the
whole blood (the curves are essentially parallel), suggesting that the same mechanism may
be responsible for the swelling in both the whole blood and the diluted samples (-hardly a
surprising finding). e) The MCV curve for the diluted samples decreases sharply above
the maximum temperature (although in the present example only two data points were
obtained below the maximum). The presence of a sharp maximum is qualitatively identical
to the behavior seen in whole blood but again the temperature of the maximum appears to

be ca. 3 OC less than for the whole blood.

With increasing length of incubation at elevated temperatures, the volume curves for the
diluted samples seem in general to be "down-shifted" as illustrated in Fig. 28. For the

curve for 4 hours of incubation the minimum now occurs at about 45.5 0C. However, the
differences between the volumes of the cells in whole blood and in the diluted samples are
not always great as illustrated in Fig. 29. (Note in this Figure that the total changes in the
observed MCV above and below the thermal transition temperature around 45 OC are not
large).
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Finally note in FIG. 30 the distinctly different behavior of the MCV upon long term
exposure to elevated temperatures; the intial MCV below 45 ©C was about 89 (mm)3
while after 22 hours of incubation the MCV is about 90 - 95 (mm)3. Note also that the

drop in MCV begins at about 45 ©C but the minimum usually seen near 46.5 OC has been
elliminated or, at best, reduced to an inflection point in the curve but followed by a distinct

if relatively broad minimum near 52 OC.

A number of other runs have been made at lower temperatures. FIG. 34 shows the
variation of MCV as a function of temperature from approx. 7 °C to 25 ©C, [with a
parabola fitted to the data]. There is no indication in this case of an anomaly near 15 °C,

but note that the total variation in MCV over this 18 © interval is only 1.5 % (after 2
hours of incubation).

As would be expected, the rate of change in the RBC volumes is low at the lower
temperature range. FIGS. 35 trough 38 shows the change in MCV, measured on a
sample of blood diluted with lactated Ringer solution, over an interval of 21 hours. While
no obvious trends exist in the data in FIG. 35, measured after 2 hours of incubation, a

distinct effect of temperature is seen in FIG. 38 after 21 hours of incubation: below 15 ©C
the MCV is nearly constant (dropping about 1 % between 7 © and 15 OC) but increasing
notably above this critical temperature (Tx=1). [The increase is 8 % over an 8 O interval,
or a temperature coefficient of 1% per degree!]

Another example of the effects of long term incubation on MCV of red cells in diluted
samples of blood is shown in FIGS 39 and 40:  In FIG. 39, after 5 hours of incubation,

a distinct maximum is seen in the MCV near 41 OC, followed by a relatively sharp
minimum near 45 ©C and a subsequent very dramatic increase [9 % over a 3 © interval !]

followed by an equally decisive drop. On the other hand, after 22 hours of incubation, the
overall features of the MCV curve have changed: the difference between the maximum

observed value and the minimum observed value is nearly 50 % ! Below 40 OC the effect

of temperature on the MCV is minimal but above ca. 40 © and up to 44 ©C, the MCV
increases only to drop very dramatically above this temperature.

Finally, in FIG 41 is shown the effects of dilution with lactated Ringer solution on the
MCYV, at two different temperatures: 25 © and 37 °C. The abscissa is the percentage of
whole blood in the final solution while the ordinate is the MCV (measured after three
hours of incubation). Note the pronounced increase in MCV for blood concentrations less
than ca. 20 % for both isotherms and the remarkable temperature independence of the

MCV, measured at 37 ©°C, from 30 to 100 % blood. In other words: over the

physiologically important range, extending the blood plasma with lactated Ringer solution
at body temperature does not cause any change in the MCV.

16-16




MEAN PLATELET VOLUMES (MPV)
Platelet volumes are as sensitive to temperature variations as RBC volumes, especially

near the 45 OC anomaly of the cell-associated vicinal water, and vary strongly with
temperature below the 30 © anomaly.

A) In general, the MPV is relatively constant over the temperature interval
from ca. 30 ©C up to a range of transition temperatures extending from about 42 © to
about 48 OC (see FIGS. 42 through 46) but distinct variations occur even over this
relatively narrow [12 ©] temperature interval and large differences between otherwise

similar runs are seen in the transition range from ca. 42 © to 48 ©C. As will become
evident from some of the following illustrations, part of the large variability may be due to
changes with time.

The main variation in MPV appears to be an increase starting around 45 OC followed by

an abrupt drop near 47 © - 48 OC, leading to a sharp minimum and an equally abrupt
increase at higher temperatures [see particularly FIGS. 43, 44 and 45]. A slight
modification on this behavior is seen in FIG. 42, where the initial rise before the abrupt

drop occurs at about 41 OC; the data in FIG. 46 suggests that a minimum exists near 38
OC but this may be the result of insufficient time for equilibration as these data were
obtained after only 1 hour of incubation. Note that the abrupt drop seen in the previous
FIGURES are also seen here, starting at 49 °C.

B) Measurements of MPV have also been made at lower temperatures as well
as on samples of blood diluted with lactated Ringer solution. FIG. 47 shows the MPV

after four hours of incubation in the range of temperatures from ca. 22 © to 37 OC. The
net effect is a 10 % drop in the MPV over this temperature interval (with possibly a

levelling-off for temperatures above 30 OC [?]). See also FIG. 48 which shows essentially
the same behavior. (In both Figuress note the scale: it would be possible to draw a
smooth, single curve through the majority of data points with all deviations being less than
+/ 5 9. In view of the nature of the quantity measured this is certainly not an

unreasonable degree of scatter).
The variation in MPV in blood diluted with lactated Ringer solution is rather surprising.

While such dilution (at 37 ©C) did not seem to alter drastically the MCV, the effect on the
platelets is quite surprising. In FIG. 49 one observes a dramatic increase in MPV after 1

hour of incubation on going from 22 © to 37 ©C whereas the MPV values in whole blood
dropped approx. 10 % over the same temperature interval (compare FIG. 47).

On the other hand, after 3 hours of incubation, the MPV appears to be essentially
temperature independent over the temperature interval studied - but at notably larger

volumes! In fact, the swelling of the platelets over a 2 hour interval at 22 ©C is more
than 50 % ! This surely suggets that the lactated Ringer solution is not isotonic with the
platelets at low temperatures and that the approach of the platelets to an "equilibrium”
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volume is fairly slow. This is particularly surprising as the erythrocytes appear to change
rather little upon dilution with the Ringer solution at room temperature (confer FIG. 41).
Another example of changes with time in the MPV at even lower temperatures is shown in

FIGS 50, 51 and 52. The temperature range (from ca. 7 ©to 25 ©C) was chosen such as
to place the vicinal water transition temperatures (Ty=1) of 15 ©C near the midpoint of
the observed range. After two hours of incubation (FIG. 50) a small but significant

increase occurs between 7 © and ca. 16 OC while the rate of increase is distinctly less at
the higher temperatures. After 4 hours of incubation (FIG. 51) the MPV values have, on
the average, increased a little less than 10 %, and no evidence is seen of the possible

thermal anomaly near 15 ©C. However, after an additional two hours of incubation, the
MPYV values have not only increased dramatically (by about 25 to 35 %) but a distinct

maximum is now seen at 15 OC.

o)) Finally, a few experiments have been made in the high temperature range
on diluted samples as a function of time. FIG. 53 shows the MPV after 2 hours of
incubation of whole blood ("ESR Samples") and blood diluted with lactated Ringer

solution. Below the thermal transition temperature range (44 © - 46 OC) the platelet
volumes in the diluted samples are decidedly larger than the volumes in the whole blood

(by about 10 to 20 %) but above this critical temperature range the volumes appear to be
comparable.

Na/K RATIOS IN WHOLE BLOOD PLASMA

At normal body temperature, the ion ratio, R, defined as [Na']/[K™] in the plasma of
whole blood, is approx. 35 (within 95% confidence level: 28 to 40. See Cogan, 1991).
Any notable deviations from this range of values suggest the existence of some active
ionic unbalance, generally requiring decisive clinical intervention. R is obviously related to
the RBC volume control mechanisms, notably the sodium membrane pump.

We have made a series of measurements of R in blood plasma after
incubation of whole blood at various temperatures for different lengths of time.
Invariable, R decreases above a very broad maximum centered around a temperature not

too far from the normal body temperature of 37 ©C. The decrease in R above ca. 40 0C
is often very substantial and as one approaches the critical thermal transition temperature

of 45 OC, R may have dropped to half of the value near 37 ©C. In other words, in the
range of elevated temperatures such as seen in severe febrile states, R may differ very
significantly from the normal range. Surely this must have important clinical implications
(for instance for patients with high fevers, heat strokes, severe burns, or in hyperthermia
therapy) but it is somewhat surprising that over the same range of temperatures the MCV
only tends to increase a relatively small amount (see FIGS. 19 - 24). Thus it appears that
different molecular mechanisms may be involved although traditional wisdom would

anticipate a close correlation between cell volumes and Nat/K* ratios.
NOTE: All the blood samples used in the present study were collected in syringes to which Na 4EDTA. had been added. The

contribution of this sodium is taken account of in the calculations: hence the data are referred to as "Corrected".
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A series of measurements of R have been made and some of the results obtained at high

temperatures (ca. 27 © through 51 ©C) are shown in FIGS. 54 through 58. In these
graphs are also shown, where available, the ratio of the chloride ion concentration to

potassium concentration ( [CIF)/[K™] = 7). In general the J-curve follows the R-curve
very closely.

It is of interest to note that in many instances. the R- and the J- curves appear to level out near 45 © to 46
OC (see FIGS 35 and 36). while in some cases (FIGS. 57 and 58) a new. distinct. relative maximum

occurs near 48 © or 49 OC [the J-curves behaving in a similar manner}. It is instructive to compare this
finding with the MCV data in the same temperature range: an abrupt decrease is seen in some of the

MCV data, for temperatures near or above 50 © - 51 0C; see FIGS. 23. 24. 25 and 26. On the other
hand. no unusual features are seen in the ESR curves in this temperature range in agreement with

expectations [the ESR essentially becomes zero above, 479 or 48 °C.

Finally, we have made a number of R measurements at lower temperatures. Some typical results are
shown in FIGS. 59 and 60. It is seen in both of these graphs that R is less than at normal body
temperature and increases from a value of about 22 to the "normal" value, 35 ( - 40), over the range of

temperature from 7 ©C to normal body temperature. Unfortunately not enough data have been obtained

to allow a decision to be made whether or not anomalies exist near 15 Oand 30 °C. (Note: the data in
FIGS. 59 and 60 should perhaps not be compared directly because of the different lengths of incubation).
Note again, however, that the Jcurve essentially follows the R-curve.

APPENDIX
D The standard Arrhenius graph is a plot of log (Rate) [or In (Rate)] as a

function of reciprocal, absolute temperature ( 1/T, K‘l). However, from around 0° to about 30 Oo0r400

C, the temperature in °C is roughly proportional to I/T. This is easily seen from the expansion of I/T
namely

UT = 1@732+10) = 1273201 +12732] = 12732 - /(Q273.2)

which isof the form 1I/T = a -bt. Thus, 1/T is roughly proportional to t. This approximation is of
course dependent on t < (or <<) than 273.2; as long as this approx. is approximately fulfilled. graphs of

log (Rate) vs temperature in °C will resemble Arrhenius graphs.

m The Temperature Gradient Incubator (TGI or "polythermostat") has been briefly
described in previous reports and a detailed description given in one of our papers (Drost-Hansen, 1981). The device consists of a massive
aluminum bar with wells drilled along the bar to accomodate test tubes, culture tubes or other small samples (such as Wintrobe tubes).
The bar is thermally insulated on all sides; one end is maintained at a constant high temperature while the other end is maintained at a
constant low temperature. A temperature gradient is thus established along the bar, in the present version the bar provides two sats of 30
different wells, each at a different, constant temperature. Hence, almost precisely simultaneous measurements may be made at 30 different.
constant temperatures. The total span of temperatures (and hence the difference in temperatures between subsequent wells) is easily

adjusted. Temperature intervals of 0.6 © to 0.9 °C between adjacent wells have been used througout this study, providing great thermal
resolution in the measured quantities.

ABBREVIATIONS:
TEMPERATURE RANGES:
H HIGH; APPROX.30°-52°C
M MEDIUM 209-40°C
L LOW 7°.23°C
ROOM TEMPERATURE it 249.26°C
DILUTIONS: Unless otherwise stated: whole blood (W)
W WHOLE BLOOD
D DILUTED (usually 5:1).
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CONCLUSIONS AND RECOMMENDATIONS
All the hematological parameters measured in this study (ESR, MCV, MPV and

[Na}/[K] ratio) show anomalies at 45 O©C, within one or two degrees, in complete
agreement with our previous findings (1989, 1991, 1992). It seems an inescapable
conclusion that this must be a manifestation of critical roles for the cell-associated, vicinal
water in these systems. These findings are also consistent with a wealth of independent
observations showing a critical role of vicinal water in nearly all aspects of cell physiology,
ranging from determining multiple growth optima and minima for many micro-organisms
to determining body temperatures of mammals and birds. In some cases, the effects of the

thermal transitions begin to be manifested at temperatures as low as 42 O to 43 OC and this
may play an important role in a variety of processes in the hyperthermic state, for instance
in patience with severe fevers or during hyperthermia therapy of malignancies.

That the thermal anomalies of vicinal water plays a crucial role in many biological systems is now beyond
doubt; what remains far less well understood is the question of the "site of action" of such solvent
structural transitions. We have recently proposed (Drost-Hansen and Singleton. 1995) that the effects of
the structural transitions of the vicinal water may be in the hydration of the biomacromolecules present in
the cellular systems. One such sensitive site may be the vicinal hydration structure of some protein, for
instance partially imbedded in the cell-membrane, regulating ion transport across the membrane. If the

transport mechanism depends on the extent of dimerization (or oligomerization) of such a protein. a

sudden change in the vicinal hydration of that protein at Ty will surely affect the equilibrium constant for

the dimerization equilibrium and may thus suddenly change the transmembrane transport of a crucial ion,
for instance required in the regulation of the osmotic equlibria of the cell.

On the basis of this hypothesis for the criticality of the vicinal water control, it is possible to make some
predictions which may be tested experimentally. Thus it would be of interest to study those cell processes
for which it is known that dimerization (or oligomerization) of a protein or enzyme is required for the
process to take place. The prediction is that for such processes the rate might change dramatically at least
near one of the thermal transtion temperatures, Ty,. Because of the number and sizes of the subunits in,

for instance, the ATPases these are likely candidates for distinct thermal anomalies in their rates as ion-
translocators. In fact, because of the frequent involvement of associated proteins in the cell-membrane all
cell transport processes may be influenced by the vicinal hydration of the protein subunits involved.

Another possibility is the tissue deterioration caused by various venoms; we particularly propose to study
the rates of proteolysis caused by the venom from the brown recluse spider (Loxosceles reclusa) as a

function of temperature near 45 ©C. Our prediction is that near this critical temperature the venom
activity may be lessened considerably - or indeed completely eliminated - while the surrounding tissue

may be able to withstand the required hyperthermia stress without irreversible damage (or with minimal
deleterious effect).
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